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We review the reactions between carbon chain molecules and radicals, namely Cn, 
CnH, CnH2, C2n+1O, CnN, HC2n+1N, with C, N and O atoms. Rate constants and branching 
ratios for these processes have been re-evaluated using experimental and theoretical literature 
data. In total 8 new species have been introduced, 41 new reactions have been proposed and 
122 rate coefficients from kida.uva.2011 (Wakelam et al. 2012) have been modified. We test 
the effect of the new rate constants and branching ratios on the predictions of gas-grain 
chemical models for dark cloud conditions using two different C/O elemental ratios. We show 
that the new rate constants produce large differences in the predicted abundances of carbon 
chains since the formation of long chains is less effective. The general agreement between the 
model predictions and observed abundances in the dark cloud TMC-1 (CP) is improved by the 
new network and we find that C/O ratios of 0.7 and 0.95 both produce a similar agreement for 
different times. The general agreement for L134N (N) is not significantly changed. The 
current work specifically highlights the importance of O + CnH and N + CnH reactions. As 
there are very few experimental or theoretical data for the rate constants of these reactions we 
highlight the need for experimental studies of the O + CnH and N + CnH reactions, 
particularly at low temperature.  
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1 Introduction 
 
The interstellar medium (ISM) has a very rich chemistry with more than 140 molecules 
having been observed in various types of environments (dark clouds, star forming regions and 
planetary nebula). These species are formed in the gas-phase or at the surface of interstellar 
grains through a diverse number of processes including gas-phase bimolecular reactions, 
interactions with cosmic-ray particles, interactions with ultra-violet (UV) photons and 
chemical reactions at the surface of the grains. To study these processes, astrochemists have 
developed models in which the chemical composition of the gas-phase and the grain surface 
mantles is computed as a function of time for either fixed or time dependent physical 
conditions (such as temperature, density and visual extinction). The earliest models were 
developed forty years ago (for example (Herbst & Klemperer 1973)) and since then much 
progress has been made to better describe the underlying chemical processes. Modern gas-
phase chemical networks contain more than 4000 chemical reactions to describe the chemistry 
between more than 400 species (see for instance Wakelam et al 2012). A large fraction of the 
reactions involved have never been studied at all or in the extreme conditions of the ISM so 
that their rate constants are estimated and may be assigned a very large uncertainty. Over the 
last few years, a significant effort has been made to identify the most important reactions in 
these models for future experimental or theoretical investigation. The methods used to 
identify important reactions are based on sensitivity analysis already described (Wakelam et 
al. 2010). Using the results of these sensitivity analyses, a number of studies have been 
undertaken by physico-chemists to improve the quality of the rate constants for interstellar 
chemical modeling  (Wakelam et al. 2010, Loison et al. 2012, Daranlot et al. 2012, Wakelam 
et al. 2009). In the present study, we focus on the chemistry of carbon chain growth and adopt 
a different approach compared to our previous work since we consider complete reaction 
families rather than individual reactions.  
 
Carbon containing molecules are ubiquitous in the interstellar medium, with hydrocarbon 
species containing as many as eleven carbon atoms (HC11N) having been observed in dark 
clouds (Bell et al. 1997) and molecules such as C70 having been observed in planetary nebula 
(Cami et al. 2010). Carbon chain growth is thought to occur mostly through C and C
+
 
reactions.  The degree of hydrogenation of carbon chains is mainly driven by the reactions of 
CnHm
+
 with H2 molecules followed by Dissociative Recombination (DR). The major loss of 
carbon chain cations is through reaction with H2 to from the corresponding protonated cation: 
Cn
+
 + H2  CnH
+
 + H 
CnH
 +
 + H2  CnH2
+
 + H and/or CnH3
+
 + h 
Neither CnH2
+
 nor CnH3
+
 react with H2 for n > 2 (McElvany et al. 1987, Giles et al. 1989, 
McEwan et al. 1999, Savic & Gerlich 2005). As a result these reactions lead to the formation 
of CnHm
+
 with m  3. As DR of CnHm
+
 occurred through C-H bond breaking, there will be at 
most two hydrogen atoms on any neutral carbon chain from this pathway. In our current view 
of the chemistry of dense interstellar clouds, atomic radicals (C, N, O and C
+
) remain 
abundant for a significant fraction of the lifetime of the cloud. Consequently, the chemistry of 
carbon chains (as with many other species) should be dominated by their reactions with these 
atoms. Whilst the elementary reactions of atomic carbon lead mainly to an increase in the size 
of the chains, the reactions of oxygen and nitrogen act to reduce it by breaking carbon-carbon 
bonds producing CO and CN radicals. In the current state of public astrochemical networks 
(Kinetic Database for Astrochemistry (Wakelam et al. 2012), OSU (http://www.physics.ohio-
state.edu/~eric/), The UMIST Database for Astrochemistry (UdfA) (Woodall et al. 2007)), the 
estimated rate constants within certain reaction families (that is for the reactions of a specified 
radical species with a family of molecular coreagents which should react in a predictable way) 
show very different values. To improve the chemistry of carbon chains we have reviewed the 
reactions of the most abundant atomic radicals C, N, and O, with carbon (Cn=2-11, Cn=2-10H, 
Cn=3-10H2, C2n+1,n=1-4O, Cn=2-10N and HC2n+1N), proposing new rate constants for a given 
family based on earlier experimental measurements and the most recent experimental and 
theoretical studies. We then introduce these new rate constants into a dark cloud model and 
compare the results from the new network with earlier predictions and with observations for 
two C/O ratios.  
This paper is organized as follows. In sections 2 (and also in the annex) we review the 
reactions of carbon chains with C, N and O atoms. The impact of the new reactions/rate 
constants for dark cloud modeling is outlined in section 3. Our conclusions are presented in 
Section 4. 
 
 
2 Methodology 
 
In this study we are interested by the reactions between carbon chain molecules and 
radicals, namely Cn, CnH, CnH2, C2n+1O, CnN, HC2n+1N, with C, N and O atoms.  Most of the 
reactions treated in this study have unknown reaction rates (without experimental 
measurements and/or theoretical calculations to rely upon) in the temperature range of interest 
(T in the 10-200 K range). To make a reasonable estimate of their reaction rates at low 
temperature we use the scattered experimental and theoretical studies of similar reactions 
found through an extensive literature search as well as through general considerations. As the 
temperature is very low (near 10 K) in dense interstellar clouds, only exothermic reactions 
without a barrier along the reaction coordinate are important (Smith 2006, Smith 2011), with 
the notable exception of reactions such as F + H2 (Neufeld et al. 2005) and possibly C2H + H2 
(Ju et al. 2005, Herbst 1994) which can occur through tunneling. To evaluate whether or not a 
reaction might play a role in the chemistry of dark clouds, the first step is to estimate the 
presence of a barrier in the entrance valley when there are no experimental measurements 
and/or theoretical calculations. All the reactions considered in this study proceed though 
addition in the temperature range 10 – 300 K. We assume that when the ground state of the 
adduct (complex) arises from the pairing up of electrons on the two radical reactants then 
there is no barrier over the Potential Energy Surface (PES), whereas if all the electrons remain 
unpaired then the surface is likely be repulsive (Smith 2011). So for example doublet + 
doublet reactions are considered to have no barrier for the singlet surface but a barrier for the 
triplet surfaces (which is in good agreement for H + alkyl (Monks et al. 1995, Harding & 
Klippenstein 1998) or alkyl + alkyl (Georgievskii et al. 2007, Klippenstein et al. 2006) 
reactions). Carbon atom reactivity is a special case as carbon atoms react with unsaturated 
closed shell molecules. As a result, we base our estimates on the widely available 
experimental and theoretical studies of carbon atom reactions.  
 
Rate constant estimation: 
For a given barrierless family of reactions, we first calculate the rate constant (k(T)) 
using capture rate theory (which leads to an upper limit value of the rate constant 
(Georgievskii & Klippenstein 2005)), k(T) = gel(T)kcapture(T), where gel(T) is the electronic 
degeneracy factor and kcapture(T) is the rate constant given by capture rate theory dominated by 
long-range forces, mainly through dispersion interactions (Georgievskii & Klippenstein 2005, 
Clary et al. 1994) ( 6/1
1/3
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reduced mass, IE the Ionization Energy of each reagent and  is the polarisability). IE values 
were taken from (Lias et al. 1988) and polarisabilities were taken from (Woon & Herbst 
2009). When no data were available, IE and polarisabilities were calculated at the Density 
Functional Theory (DFT) level with the hybrid M06-2X functional developed by (Zhao & 
Truhlar 2008), which is well suited for calculations involving main-group thermochemistry, 
associated with aug-cc-pVTZ basis set (Dunning Jr. 1989) using Gaussian09 (Table 2).  gel(T) 
is estimated by comparing the degeneracy of the barrierless potential energy surface 
connecting the reagents to the products given in Table 1 (Table 1 is provided in 
supplementary information), with the total degeneracy of all surfaces leading from the 
reagents. We then compare the theoretical capture rate constants with experimental 
determination of some reactions of the family (for example N + CH (Brownsword et al. 1996) 
for the N + CnH family) or very similar reactions (C + C2H2 (Haider & Husain 1993b, 
Chastaing et al. 1999, Chastaing et al. 2001) for C + C2, C3, C5, C7, C9). The recommended 
value is between the capture rate limiting one and the experimental value of a similar reaction 
(see Annex). For a given family the polarisability increases with the size of the reagent but 
this variation is offset by the variations of the ionization energy and the reduced mass, leading 
to very small theoretical variation of the rate constant with the size of the coreagent. As a 
result, we consider that the size of the coreagent has no effect on the rate constant for all 
reactions studied in this work. The temperature dependence of the rate constant is taken to be 
equal to the convolution of the T
0.17
 dispersion dependence with the variation of electronic 
degeneracy factor, except when direct measurements of the temperature dependence exist. 
In the case of carbon atom reactions, experimental room temperature rate constants for 
the reactions of carbon atoms with a series of alkenes, alkynes, dienes and diynes (Haider & 
Husain 1992, Haider & Husain 1993a, Haider & Husain 1993b, Husain & Ioannou 1997, 
Husain & Kirsch 1971b, Husain & Kirsch 1971a, Clary et al. 1994) up to C + 1-hexadecene 
and C + 1-dodecyne seem to indicate a correlation between the size of the molecule and the 
rate constant, with the rate constant increasing for larger molecules in contrast with the 
theoretical capture rate constants for the reactions of carbon atoms with alkenes which show 
little variation. Theoretical study shows that of the three triplet electronic states correlating 
with C(
3
P) + 
1
C2H2 reagents, only one presents no barrier (Takahashi & Yamashita 1996). 
Considering the fine structure of the carbon atom leads to an electronic degeneracy factor 
equal to (1+2exp(-23.6/T))/(1+3exp(-23.6/T)+5exp(-62.4/T)), in relatively good 
agreement with the experimentally determined temperature dependence between 10 and 300 
K (Chastaing et al. 1999, Chastaing et al. 2001). Then the variation of the room temperature 
rate constant with the size of the coreagent may indicate that either a systematic experimental 
error is involved or there is an increase of the electronic degeneracy factor with the size of the 
co-reagent. The systematic experimental error of Husain and co-worker may come from the 
use of a predefined mixture of coreagent and atomic carbon precursor molecule (C3O2) 
leading to unusual kinetic conditions without the possibility to decouple C atom reactions 
with the coreagent from C atom reactions with the precursor. Such experiments make it 
extremely difficult to determine potential secondary sources of C atoms. A comparison with 
other experimental measurements gives good agreement for C + C2H2 and C + C2H4 (Haider 
& Husain 1993b, Chastaing et al. 1999, Chastaing et al. 2001, Bergeat & Loison 2001) but 
not for all other reactions for which the measurements of Husain and coworkers are 
systematically larger, between 2.3 times and 3.0 times larger for C + allene (Husain & 
Ioannou 1997, Chastaing et al. 2001, Chastaing et al. 2000, Loison & Bergeat 2004),  1.4 
times larger for C + methylacetylene (Haider & Husain 1992, Chastaing et al. 2001, 
Chastaing et al. 2000, Loison & Bergeat 2004), 1.5 times larger for C + propene and 1.7 times 
larger for C + trans-butene (Haider & Husain 1993a, Loison & Bergeat 2004). These 
differences are incompatible with the reported uncertainties. However, even if there is no 
systematic experimental error but rather an increase of the electronic degeneracy factor at 
room temperature with the size of the co-reagent, that will not change the value of the 
electronic degeneracy factor at 10 K, which will always remain close to 1. Then, the rate 
constants for reactions between C and unsaturated molecules should all have similar rate 
constant values of approximately 3.010-10 cm3 molecule-1 s-1 at 10 K. This is supported by 
experimental measurements for the C(
3
P) + 
1
C2H2, 
1
C2H4, methylacetylene and allene 
reactions. (Chastaing et al. 1999, Chastaing et al. 2001). So for carbon atom reactions we also 
consider that the size of the coreagent has no effect on the rate constant, in a similar manner to 
all other reactions studied in this work. This assumption is in contrast to the values currently 
used in astrochemical databases for C + CnH2 reactions. 
 
Branching ratios are estimated from thermodynamic considerations, the most 
exothermic products having the larger branching ratio as indicated by statistical theory in the 
absence of exit transition states (Galland et al. 2003, Galland et al. 2001, Chabot et al. 2010). 
To determine the thermochemistry we use (Baulch et al. 2005) as well as the database 
http://webbook.nist.gov. If the enthalpies of formation were unknown we performed DFT 
calculations with the hybrid M06-2X functional developed by (Zhao & Truhlar 2008), which 
is well suited for calculations involving main-group thermochemistry, associated with cc-
pVTZ basis set using Gaussian09. For the branching ratios of C + Cn reactions, we use the 
results of Chabot et al. 2010.  
 
In total, 171 reactions have been studied and an overview of the reactivity of each 
family is developed in detail in the Annex. Among them, 41 new reactions (and 8 new 
species) are proposed and 122 rate constants have been modified for existing reactions. The 
reactions and proposed rate constants are listed in Table 1. In addition to the reactants and the 
products of each reaction, the three parameters (alpha, beta, gamma) used to derive the 
temperature dependence of the rate coefficients (k(T) =  (T/300)exp(-/T)) are given. For 
each rate coefficient, the temperature dependent uncertainty is also given: F0 is the uncertainty 
parameter (the value of k falls within the interval between its nominal value divided by F0 and 
its nominal value multiplied by F0 for lognormal distributed uncertainties) and g is the 
temperature dependence parameter of the uncertainty factor (F(T) = F0exp(g |1/T - 1/T0|) (see 
Wakelam et al 2012 for more details). Uncertainty factors are difficult to estimate. When the 
reaction has been studied experimentally at low temperature we choose the uncertainty factor 
given in the corresponding publications. When the rate constant has been studied only at room 
temperature, or when the rate constant is deduced from similar reactions which have been 
well studied (particularly at low temperature) or when there are theoretical studies of the 
reaction, we choose an uncertainty factor of 2. When the rate constant is deduced from similar 
reactions which themselves are not well known (studied at room temperature only for 
example) the uncertainty factor is taken to be equal to 3. The g factor is in general taken to be 
equal to 0 as the temperature dependence of the rate constant is relatively low for barrierless 
reactions. 
 
 
3 Implications for chemical models of dark clouds 
 
3.1 The chemical model 
 
To estimate the impact of these new proposed reactions and rate constants on the 
predicted abundances in dark clouds, we have used the latest version of the Nautilus chemical 
model (Hersant et al. 2009, Semenov et al. 2010). This model computes the evolution of 
chemical abundances for a given set of physical and chemical parameters. It takes into 
account the gas-phase reactions, interactions between species in the gas-phase and grain 
surfaces and chemical reactions at the surface of the grains. The gas-phase network is based 
on the public network kida.uva.2011 (http://kida.obs.u-bordeaux1.fr/models (Wakelam et al. 
2012)) with a few additions to account for some important species on surfaces. The gas-grain 
interactions are included to mimic the sticking of gas-phase species to the surface of the 
grains during an encounter, the evaporation of the species from the grain surfaces due to the 
temperature, the indirect evaporation due to cosmic-ray grain heating (Hasegawa et al. 1992) 
and the evaporation of the products of exothermic surface reactions (Garrod et al. 2007). The 
chemical reactions at the surface of the grains are treated with the rate equation approximation 
(Hasegawa et al. 1992). Species at the surface of the grains are also dissociated directly by the 
UV photons and by the photons induced by the Prasad & Tarafdar mechanism (Prasad & 
Trafdar 1983). The surface network and parameters are similar to Garrod et al. 2007. The 
final list of reactions is composed of 7957 reactions for 684 species.  
The chemical composition of both the gas-phase and the grains surfaces is computed as a 
function of time for given dense cloud physical parameters, namely a gas and dust 
temperature of 10 K, a H total density of 2104 cm-3, a cosmic-ray ionization rate of 1.310-17 
s
-1
 and a visual extinction of 10. All elements are assumed to be initially in the atomic form, 
with abundances listed in Table 1 of Hincelin et al. 2011. Considering the uncertainty in the 
C/O elemental ratio and its potential importance for carbon chemistry, we have considered 
two different ratios: 0.7 and 0.95. In those ratios, the oxygen elemental abundance is changed 
whereas the carbon abundance stays at 1.710-4 with respect to the total H density. As in 
many previous works, molecular hydrogen is assumed to be already formed at the beginning 
of the computation so that the initial abundance of H2 is 0.5 compared to total H. The model 
was run for 10
7
 yr using the two C/O elemental ratios and the chemical network previously 
described. In addition, we updated the gas-phase network according to the propositions made 
in the Appendix of this paper and compared the chemical abundances computed with this 
updated network to the previous one. In total, we have run four different simulations: two 
different C/O elemental ratios were used (0.7 and 0.95) with our standard and updated gas-
phase network. 
 
 
3.2 Model results: sensitivity to the new rate constants and the C/O elemental ratio 
 
Figure 1 shows the results for the four models for a selection of species, whose abundances 
have been observationally determined in two well-studied dark clouds TMC-1 (CP peak) and 
L134N (North peak). A compilation of observed abundances for C-bearing species is listed in 
Table 3. For some of the molecules, such as C4H in TMC-1, several data are available in the 
literature. The differences for C4H are up to a factor of seven. It is not easy to understand the 
reason for these disagreements and to know which data to choose. On the figure, some 
observed abundances are superimposed on the modeled ones. In this section, we describe the 
impact of the new rate constants on the predicted abundances and in section 3.3, we make 
some comparisons with the observations.  
The effect of both the C/O elemental ratio and the new rate constants are not the same for all 
species and at all times. For most C-rich species, the predicted abundances are favored by the 
C/O elemental ratio of 0.95 and the older rate constants. In other words, the global effect of 
the new rate constants is to make the formation of carbon chains less efficient. One exception 
is C3N, which is produced with larger abundances by the models using the new rate constants. 
All models predict similar abundances after a few 10
6
 yr, a time after which surface reactions 
are particularly important.  
 
3.2.1 CH and C2H 
The abundances of these two species are not very sensitive to the parameters (new rate 
coefficients and C/O ratio, see Fig. 1) but it should be noted that the new rate constants for the 
CH and C2H reactions with C, N and O atoms are not very different to the previous ones. The 
CH and C2H abundances vary by less than one order of magnitude between 10
2
 and 10
7
 yr.  
 
3.2.2 CnH (n=3-8) molecules 
The predicted abundances of the CnH species are strongly reduced by the new rate constants 
(see Fig. 1), having a double peak profile as a function of time, with the exception of C6H and 
C8H, whose second peak is replaced by a hole at a few 10
5
 yr for a C/O ratio = 0.7. The first 
peak around 10
3
 yr is due to ionic reactions, whereas the second larger peak around (1 – 
2)105 yr is due to neutral reactions. For most C-chain species the general trends and 
abundances are relatively well described for both C/O = 0.7 and C/O = 0.95 (Fig. 1), the 
predicted abundances are larger when there is less oxygen present (with the C/O elemental 
ratio close to 1).  
 
3.2.3 Cn (n=4-8) molecules 
There are very few observations of linear carbon chains in dark molecular clouds as they are 
not detectable by emission microwave spectroscopy, due to the lack of a permanent dipole 
moment. C2 molecular emission has been observed in TMC-1 (Hobbs et al. 1983), but is 
ambiguous. Indeed there are no microwave transitions for C2 due to the lack of a dipole 
moment. As a result, C2 is detected through its electronic transitions in the visible region. 
However, photons in the visible region are absorbed by dust particles within the molecular 
cloud so that C2 is only observed at the edge of the cloud (a region with a density estimated 
equal to 10
3
 cm
-3
) and does not correspond to the same location as the species detected in the 
microwave region with a density estimated equal to 2104 cm-3 for which the abundances are 
calculated in the model. There are notable changes with the new rates, changes which are 
proportional to the size of the skeleton. In particular, the simulated Cn abundances are smaller 
with the new rates because these species react more quickly with oxygen atoms to form 
eventually C3, which accumulates because of its low estimated reactivity.   
 
3.2.4 Cn=3-8H2 molecules 
There are important changes using the new rates, with CnH2 molecules being produced more 
slowly, particularly for n>3, resulting in lower abundances at 2105 yr. Moreover, the 
abundances decrease with the increasing size of the carbon backbone as shown in Fig. 1. It 
should be noted that CnH2 (n = 3-8) molecules were the most abundant family of carbon 
chains in simulations employing the old network. Simulations using the new network give 
similar abundances for CnH2 species to those obtained for other carbons chains CnH, Cn and 
HCnN. There are only two molecules in this family that have been observed in dark clouds: l-
C3H2 and c-C3H2 (see Table 3). Note that the observations of C4H2 and C6H2, sometimes used 
for comparison, concern the cumulene isomer (H2CCCC), which is not the isomer included in 
current networks. This family is very likely to be important and is undoubtedly not well 
described in the present network, particularly as only one isomer is considered, except for 
C3H2, and the reactivity is very different between isomers. 
 
3.2.5 CnN species 
The sensitivity of the CN abundance to the C/O elemental ratio is different for simulations 
using the old and new networks, although the general effect is not very strong (see Fig. 1). CN 
abundances increase by only a factor of two using the new reaction rates with the model using 
a C/O ratio = 0.7 and this value increases to more than an order of magnitude for the model 
with C/O = 0.95. Before 10
5
 yr, the CN molecule is easily destroyed by reactions with atomic 
N and O and its chemical lifetime is about 10
3
 yr. After 10
5
 yr, there are many important CN 
production pathways, both neutral and ionic, the proportion of each being highly dependent 
on various parameters such as the C/O elemental ratio. The main CN production pathways 
around (1-3)105 yr are N + C2N, O + C2N, HCNH
+
 + e
-
, N + C2, N + CH, N + c-C3H,  N + l-
C3H, and N + C4. The decrease of the CN abundance around 210
5
 yr for a C/O = 0.7 arises 
because oxygen atoms deplete later than nitrogen atoms so that CN production through N 
atom reactions decreases much more rapidly than CN loss through the CN + O reaction. If the 
observed CN relative abundance is really as low as a few 10
-10
 (see Table 3), this may indicate 
that the atomic oxygen abundance is still high at the time of the observation and then rather in 
favor of low C/O ratio. Alternatively, this may indicate that the rate constants for the N + Cn 
and N + CnH reactions (as the main direct or indirect sources of CN) are overestimated at low 
temperature. 
Despite the fact that we have changed significantly the chemistry of CnN (n = 2 - 7) species, 
the effect on the predicted abundances is only moderate. The early peak in the simulated 
abundances of C3N, C5N and C7N around 10
3
 yr is due to ionic reactions.  
 
3.2.6 HCnN (n=3-9) species  
The abundance of cyanopolyynes is predicted to increase strongly with time with the new 
rates as the predicted large decrease of HCnN abundances between 10
3
 and 10
5
 yr is due to the 
newly introduced C + HCnN reactions (Li et al. 2006) which become important mechanisms 
for HCnN loss. As shown in Fig. 1, the HC3N and HC5N abundances show a peak in 
abundance shifted towards later times by the new rate constants, in good agreement with 
observations for TMC-1 with an age of a few 10
5
 yr. The HC5N abundance depends more on 
the C/O elemental ratio whereas HC7N and HC9N strongly depend on both the C/O ratio and 
the new rate constants up to 2106 yr. HC7N and HC9N are less abundant with a C/O ratio = 
0.7 and this effect is accentuated using the new rates except at very late times. Nevertheless, 
the chemical network for these long chain cyanopolyynes is very simplified considering in 
general only one isomer for large species (not only for cyanopolyynes but also for all radicals, 
molecules and ions involved in the formation of long chains) and the large predicted 
decreases of HC7N and HC9N in the 0.2 - 110
6
 yr range for C/O = 0.7 may not be real.  
 
3.2.7 Negatively charged species 
Anions show a double peak profile in their abundances (see Fig. 1) with a strong peak early 
on ((1-2)103 yr when the electron density is still high) and a later peak after a few 105 yr 
(when carbon chains are abundant). The intensity of the second peak depends on both the C/O 
ratio and the network used. A small C/O ratio coupled with the new network produces the 
smallest abundance of anions. One exception is C3N
-
, whose abundance is slightly increased 
by the new network for times between 2105 and 1106 yr, as for C3N. Note that anion 
formation is thought to occur through radiative association between radicals and electrons; 
processes which are only poorly understood (Herbst & Osamura 2008) and are highly 
dependent on the precision of the calculations as well as on the uncertainties on simulated 
radical abundances. This may explain the surprising over-production in the models of C4H
-
 
for TMC-1 considering the relative under-production of C4H as C4H
-
 is mainly produced in 
the models through the C4H + e
-
  C4H
-
 radiative association reaction.  
 
3.2.8 CO, OH, NO and O2 
The new proposed rate constants have also an impact on the abundance of other species such 
as oxygen containing compounds (see Fig. 1). NO and OH abundances are not particularly 
sensitive to the C/O elemental ratio. The change in their abundances with the new network are 
largely due to the current update of the rate constants for the N + OH and N + NO reactions 
according to new measurements and calculations (Daranlot et al. 2011, Bergeat et al. 2009). 
The NO abundance is directly related to the concentration of OH since it is almost entirely 
produced by the N + OH reaction. NO is mostly destroyed by the N + NO and C + NO 
reactions. The CO abundance is not much changed. The sensitivity of O2 to the new rate 
constants depends on the C/O elemental ratio (Hincelin et al. 2011). By using a C/O elemental 
ratio close to 1 and the model employing the new network allows us to reduce the peak 
abundance of O2 down to the observational limit in dark clouds. In the model with the higher 
C/O ratio, the oxygen atom concentration is lower after 10
5
 yr compared to the model with 
C/O = 0.7, leading to a lower H3O
+
 abundance and then a lower OH abundance (the H3O
+
 + e
-
 
dissociative recombination reaction is by far the main OH source in dark and cold regions 
where photochemistry does not play any role (Hollenbach et al. 2009)). Since O2 is mostly 
formed by the reaction between O and OH, its abundance is reduced accordingly. 
 
3.2.9 C2n+1O species 
With the exception of C3O, these species are newly introduced. The chemical network for the 
C2n+1O species is relatively small. For C3O the two main pathways of production are: 
C + C3H3
+
   C4H2
+
 + H followed by  
C4H2
+
 + O   HC4O
+
 + H and then  
HC4O
+
 + e
-
   CH + C3O (1a) 
  C3H + CO (1b) 
and  
O + c,l-C3H   CH + C3O (2a) 
  C3H + CO (2b) 
the main destruction pathways of C3O are its reaction with atomic carbon as well as its 
reactions with H3O
+
, H3
+
 and HCO
+
. It should be noted that the 
3
C4 + 
3
O reaction is assumed 
to produce only 
1
CO + 
1
C3. As a result, the abundance of C3O depends directly on the 
branching ratios between CH + C3O formation and C3H + CO formation through reactions (1) 
and (2). In the model, the pathways leading to C3O formation have been estimated to be equal 
to 0.5 for the DR reaction (1) and 0.3 for the O + c,l-C3H reaction. Then the overestimation of 
the C3O abundance (see Fig. 1) may be due to an overestimation of this branching ratio or 
related to the over production of l,c-C3H in the model versus the observations. Theoretical 
calculations of these branching ratios are clearly needed for better simulations of CnO 
abundances.  
 
3.2.10 Results for the model without gas-grain interactions 
Before 10
5
 yr, the differences between the gas-phase abundances computed using models with 
and without gas-grain interactions are small. After that time, the depletion of gas-phase 
species onto grain surfaces (and the possible reinjection of species formed on the grain 
surfaces into the gas-phase) has an impact on the gas-phase abundances. Only considering the 
CO abundance observed in TMC-1 (CP) and L134N (N), the chemical model (with the old or 
new networks and with C/O ratios equal 0.7 or 0.95) predicts an age of 2104 – 7105 yr for 
TMC-1 (CP) and 5103 – 1106 yr for L134N (N). It may then be necessary to consider the 
effect of grains for the chemistry in these two clouds. The effect of the C/O elemental ratio on 
computed abundances is weaker using the gas-grain model than a pure gas-phase model  
(Hincelin et al. 2011). This is due to the fact that large quantities of carbon (in the case of the 
C/O ratio close to unity) are stored on the grain surfaces and are transformed into large 
carbons chain molecules that remain on the grains (Garrod et al. 2007).  
 
 
3.3 Comparison with observations 
 
3.3.1 Individual species 
The diversity of observed values for the abundances of molecules published in the literature, 
very often without error bars, makes the comparison between model predictions and 
observations difficult for some molecules. In addition, it must be mentioned that the uniform 
approximation of the cloud structure, used both for our chemical modeling and the published 
observations (within the beam size and along the line of sight), increase the difficulty of 
making such comparisons.  
For most species observed in TMC-1 (CP), we can find an agreement for a specific time and 
C/O elemental ratio with one of the published observed values but sometimes for a cloud age 
outside the reasonable age range (a few 10
5
 yr) given by the CO abundance. Exceptions are 
C4H, which is under-produced in the simulations and c,l-C3H2, C5N and C4H
-
, which are over-
produced in our models at all times. For l-C3H and C8H
-
, agreement with the observations is 
obtained only for a C/O ratio = 0.7 with the model using the new network. For l-C3H2, only 
the simulated abundance at early times (before 7104 yr) agrees with the observations for the 
old or new networks and for both C/O ratios. The overall agreement for the long carbon chain 
containing molecules is much better with the new network for both C/O ratios, the model 
producing lower abundances of long chain. 
The situation is very different in L134N (N). In this dark cloud, carbon chains are much less 
abundant than in TMC-1 (CP) and many species are overproduced in our model at all ages. 
The species not reproduced at all are: l-C3H, c-C3H, CN, C3N, HC3N, C5H and l-C3H2. For the 
species C6H
-
, HC5N, HC7N and C4H, the new rate constants predict abundances closer to the 
observations. It is clear that the observed abundances of both TMC-1 (CP) and L134N(N) 
cannot be simulated with a unique set of physical parameters and chemical conditions. 
 
3.3.2 General agreement between the model and the observations 
 
To quantify the general agreement between the model predictions and the observations, we 
can use several methods. For a pure gas-phase model, uncertainties in the calculated model 
abundances can be relatively easily obtained by studying the propagation of model parameter 
uncertainties (Wakelam et al. 2010). For a chemical model combining gas phase and grain 
surface chemistries, such estimations are more complicated and such studies have not yet 
been undertaken. Instead, we will use methods similar to those described in Wakelam et al. 
2006 and Garrod et al. 2007. In Wakelam et al. 2006, a “distance of disagreement” is 
computed for each species and at each time step. This distance corresponds to the difference 
between the observed and modeled abundances: |   (  )      (      )|, with Xi being the 
modeled abundance of species i and Xobs,i the observed abundance. Fig. 2 shows the mean 
“distance of disagreement” for the two clouds as a function of time. In this case, a smaller 
value for the distance of disagreement corresponds to a better agreement. Using this method, 
all observed species have the same weight on the agreement and only the observed species 
listed in Table 3 were compared to the model results. Upper limits have been removed. In 
total, 23 species are compared for TMC-1 and 12 in L134N. In the case of TMC-1, several 
published data exist for some molecules with large differences. For the figures presented in 
this paper, we have chosen in each case the observed abundance that matches best the model. 
For TMC-1, both comparison methods give the same result: the new network improves the 
agreement and both C/O ratios produce a reasonable agreement at similar times. There are in 
fact two values for the age which show better agreement. The first one equal to 10
5
 yr 
corresponds to a time which is dominated by gas-phase chemistry and the second one, around 
1-2106 yr, is heavily influenced by grain surface chemistry and gas-grain interactions. 
Using the observed abundances that do not match best the models strongly reduces the 
general agreement but does not change the fact that the new network improves the agreement. 
For L134N, there are also two age determinations with the new network corresponding to gas 
phase and grain surface productions. The first minimum, around 3-5x10
4
 yr for a C/O ratio of 
0.7, corresponds to a less evolved cloud with containing large free C, N and O abundances in 
the gas-phase and correspondingly low carbon chain concentrations. This age agrees 
relatively well with the CO abundance, but is not compatible with NH3, N2H
+
, NO and OH 
abundances. The second age determination which is likely to be the more reliable one, around 
6x10
5
 yr, corresponds to a time where strong depletion effects are predicted to occur and grain 
chemistry begins to play an important role. The new network does not have a strong effect 
although the older network seems to produce a slightly better agreement with observations. In 
either case, for L134N the model using the C/O ratio of 0.7 gives clearly better results than 
the larger C/O ratio. 
For both clouds, if we consider more molecules in the comparison such as sulfur 
bearing species and oxygen rich molecules (see Tables 3 and 4 in Garrod et al. 2007), the 
general agreement is smaller but the conclusions on the best model and ages are the same.  
 
4 Conclusions 
In this paper, we have reviewed a large number of reactions involved in the formation 
and destruction of carbon chains under dense cloud conditions. Incoherent rate constants and 
branching ratios used in the model have been updated using experimental and theoretical 
literature data. In total 8 new species are introduced, 41 new reactions are proposed and 122 
rate constants from kida.uva.2011 are changed. Looking at the effect of these changes in the 
model predictions for dense clouds, we find that the new rates, particularly through the 
increase of the rate constants for O atom reactions, have a strong effect on carbon chains, 
significantly decreasing the simulated long chain abundances. The comparison of the model 
predictions and observed abundances in two well-studied dark clouds TMC-1 (CP) and 
L134N (N) shows that the new updated chemical network reproduces better the observations 
in TMC-1 (CP) whichever C/O elemental ratio that is used. For L134N (N), the observed 
abundances are equally reproduced by the older and new chemical network but only for C/O 
= 0.7. Finally, this study shows the crucial need for the experimental determination of rate 
constants for the O + CnH and N + CnH reactions, particularly at low temperature.  
 
All the reactions and rate constants discussed in this paper will be included in the online 
KInetic Database for Astrochemistry (KIDA, http://kida.obs.u-bordeaux1.fr/) with their 
associated datasheets and we encourage astrophysicists to include these updated values in 
their models. 
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Annex: chemical review 
 
Chemistry overview: 
 
The 
1
C2n+1 species (C3, C7, …) are characterized by a singlet ground state. They have 
a “closed shell like” structure. The reaction of atomic carbon with C3 does not show any 
barrier (Wakelam et al. 2009) but there is no data for the reactions of atomic oxygen and 
nitrogen. Using semi-empirical prediction criteria (Smith et al. 2006) leads to a barrier for the 
O + C3 reaction which is also very likely to be the case for the N + C3 reaction as atomic 
nitrogen is somewhat less reactive than atomic oxygen with hydrocarbons. We also take in 
account the low reactivity of 
1
C3 with hydrocarbons and NO (Nelson et al. 1982, Nelson et al. 
1981, Gu et al. 2007, Guo et al. 2007, Li et al. 2005, Mebel et al. 2007a). Consequently, we 
consider that 
1
C2n+1 molecules are non-reactive with N atoms, non-reactive with O atoms 
(albeit with a large uncertainty) but reactive with carbon atoms. 
 
The 
3
C2n radicals are characterized by triplet ground states with low lying singlet 
excited states (+ 0.1 eV) (except C2 for which the singlet state is the ground state) (Martin & 
Taylor 1995). Their reactivity is deduced from the low energy excited state of 
3
C2 which is 
reactive with closed shell molecules (Reisler et al. 1980a, Reisler et al. 1980b, Paramo et al. 
2008, Daugey et al. 2008) and with O and N atoms (Becker et al. 2000). Moreover, 
considering the high reactivity of atomic carbon there is very likely to be no barrier in the 
entrance valley for all the C + 
3
C2n reactions. As a result, 
3
C2n radicals are considered here to 
be reactive (no barrier in the entrance valley) with C, N and O atoms. We present the 
reactivity of C2 separately as the ground state is different from the other C2n species. The 
1
C2 
radical has a very high reactivity even with saturated molecules such as alkanes (Paramo et al. 
2008). As a result, there is little doubt that the reactions of C, N and O atoms with 
1
C2 have no 
barriers in the entrance valley. 
 
The 
2
CnH radicals are characterized by doublet ground states and are very reactive 
species. The CH radical is reactive with molecules (Canosa et al. 1997, Daugey et al. 2005, 
Loison et al. 2006, Loison & Bergeat 2009, Goulay et al. 2009, Blitz et al. 1999, Blitz et al. 
1997, Blitz et al. 2012) and atoms (Brownsword et al. 1996, Messing et al. 1980). The C2H 
radical is also reactive with molecules (Pedersen et al. 1993, Goulay et al. 2011, Woon 2006) 
and atoms (Boullart et al. 1996, Devriendt et al. 1996). The C4H radical is known to be 
reactive with molecules (Berteloite et al. 2010a, Berteloite et al. 2010b). There is very little 
doubt therefore, that 
2
CnH radicals are reactive (for both odd and even n) with atomic radicals 
C, N, and O. Even if there are cyclic and linear isomers for CnH when n>2, we consider for 
this study only cyclic isomers for the C3H radical.  As both linear and cyclic forms are 
radicals in ground doublet states, they are therefore likely to possess similar reactivities.  
 
The CnH2 radical family is complex. For odd and even n there is the usual linear form 
1
HCnH (the even n form is by far the most stable), the cumulenic form 
1
H2Cn with the two H 
atoms on the terminal carbon atom H2C=C=C..C| (although this is not a particularly stable 
form for either odd or even n it is nonetheless the one detected in dense molecular clouds for 
n = 3,4,6) (Cernicharo et al. 1991, Langer et al. 1997), a linear triplet form for odd n, 
3
HC2n+1H and various stable cyclic forms in a singlet state for odd n, for example 10 isomers 
have been theoretically identified for C5H2 (Mebel et al. 2007a). In this study we consider 
only the linear 
1
CnH2 isomers for n>3 and the C3H2 case will be studied in detail in a 
forthcoming paper. The reactivity of
 1
CnH2 is detailed in the Annex. Not all the 
1
CnH2 isomers 
are likely to be reactive with N and C atoms. The 
1
CnH2 are considered to be reactive with O 
atoms except for 
1
C2H2 and 
1
C4H2. 
 
The 
1
C2n+1O molecules are very stable molecule and should be present in molecular 
clouds as they are likely to be a (minor) product of the C2n+1H + O reactions. (Zhao et al. 
2007) There are no experimental or theoretical studies of their reactivity to our knowledge, 
but they have “closed shell like” structure and should only react with carbon atoms.  
 
The 
2
CnN radicals are characterized by doublet ground states and are very reactive 
species. The CN radical is reactive with molecules (Sims et al. 1993, Gannon et al. 2007, 
Georgievskii & Klippenstein 2007, Meads et al. 1993) and atoms (Daranlot et al. 2012, 
Whyte & Phillips 1983, Schacke et al. 1973, Albers et al. 1975, Schmatjko & Wolfrum 1978, 
Schmatjko & Wolfrum 1977, Titarchuk & Halpern 1995). The C2N radical is also reactive 
with molecules (Zhu et al. 2003, Wang et al. 2005, Wang et al. 2006). There is therefore little 
doubt that all CnN radicals react rapidly with C, N, and O atoms. On the product side, there 
are currently some inconsistencies in current astrochemical databases. Here, we find that 
some tricks have been used to avoid the introduction of new species. For example, the 
products of the O + C6N reaction are currently given as OCN + C6 (rH298 = -30 kJ/mol) 
instead of the preferred ones CO + C6N (rH298 = -474 kJ/mol). Similarly, the reaction N + 
C6H leads to CN + C5H production (rH298 = -118 kJ/mol) with a low rate constant instead of 
H + C6N (rH298 = -227 kJ/mol) production with a large rate constant. The reaction products 
for both of these reactions have been modified from the ones we would expect to avoid the 
introduction of a new species, C6N. In contrast, we consider that C6N, C8N and C10N species 
are required to get a better description of carbon chains in the models and these species have 
therefore been introduced and the chemistry completed, including the main ionic and DR 
reactions. 
 
The 
1
HC2n+1N family are very stable molecules. They can be formed by H + C2n+1N
-
, 
CN + C2nH2 reactions and DR of HC2n+1NH
+
. HC3N reacts with carbon atoms (Li et al. 2006) 
but not with N and O atoms. We extrapolate these results to the HC2n+1N family. The rate 
constant for the C + HC2n+1N reaction is deduced from the C + alkynes rate constants 
(Chastaing et al. 1999) taking into account the back dissociation (Li et al. 2006). We do not 
introduce the HC2nN neutral family nor the H2CnN family (but H2CN and H2C2N are already 
present in KIDA) as these molecules are not efficiency synthesized in dense molecular clouds.  
 
 
3
C + 
1
C2n+1
 
reactions: 
The reactants correlate with 3 triplet states, 
3A’ + 2 3A”, and the products, given in 
Table 1, correlate only with a singlet electronic state. By comparison with the reactions of C + 
alkenes and alkynes (Haider & Husain 1992, Haider & Husain 1993a, Haider & Husain 1993b, 
Husain & Ioannou 1997, Husain & Kirsch 1971b, Husain & Kirsch 1971a, Clary et al. 1994, 
Takahashi & Yamashita 1996, Chastaing et al. 1999, Chastaing et al. 2001, Bergeat & Loison 
2001, Chastaing et al. 2000, Loison & Bergeat 2004), there is very likely to be no barrier for 
one triplet surface. Product formation requires intersystem crossing as the only exothermic 
products are those formed in singlet states. By comparison with the C + C2H2 reaction 
(Bergeat & Loison 2001, Mebel et al. 2007b, Costes et al. 2009), there is no doubt that triplet-
singlet inter system crossing is efficient for these reactions, competing with back dissociation. 
We estimate the rate constant for these reactions by comparison with the C(
3
P) + 
1
C2H2, 
1
C2H4, 
1
CH3CCH (methylacetylene) and 
1
CH2CCH2 (allene) reactions (Chastaing et al. 1999, 
Chastaing et al. 2001), considering that for the C + C5 reaction there is 50 % of triplet adduct 
back dissociation and 50 % of triplet-singlet crossing only. For the C + C7 reaction we 
consider that back dissociation represents only 20% and is negligible for the C + C9 reaction.  
 
3
C + 
1
C2 reactions:  
This reaction has been already studied (Wakelam et al. 2009). The only product is C3 through 
radiative association.  
 
3
C + 
3
C2n reactions: 
3
C + 
3
C2n correlate adiabatically with singlet, triplet and quintuplet states. Correlation is 
complex here, there are 27 surfaces (
1,3,5A’ and 21,3,5A”) and if we consider  as a good 
quantum number, the J = 0 level of carbon atom should correlate with three surfaces, only one 
(the singlet surface) being reactive. However there are two other singlet surfaces (arising from 
J=1 or J=2), which may also be attractive (the three surfaces corresponding to 
1A’ and 2 1A”). 
We recommend a rate constant only at 10 K, with a value close to the ones obtained for the C 
+ alkenes and alkynes reactions multiplied by the population of J = 0 at 10 K (equal to 0.78): 
k(10K) = 2.410-10 cm3 molecule-1 s-1 with F0 = 3 as there are no measurements of these 
reactions. It should be noted that the temperature dependence for the rate constants of these 
reactions may be similar to the 
3
C + 
3
O2 reaction studied in CRESU experiments: k(T) = 
4.710-11(T/300)-0.34 cm3 molecule-1 s-1. (Geppert et al. 2000) 
 
3
C + 
2
CnH reactions: 
2
CnH radicals are either in a 
2 ground state (CH) or in a 2 (2A’) (C2H, C3H, C4H, …) ground 
state. 
3
C + CnH(
2) reagents correlate adiabatically with six doublet states and six quadruplet 
states and 
3
C + CnH(
2 or 2A’) correlate adiabatically with three doublet states and three 
quadruplet states. The product state correlations are complicated due to the exothermicity of 
these reactions and the presence of low lying excited state of the products. However, as for C 
+ Cn reactions, we always consider the surface arising from the J = 0 level of the carbon atom 
as barrierless. A reasonable approximation of the rate constant is given by the measured rate 
constant values of C + alkenes and alkynes reactions multiplied by the population of J = 0 at 
10 K (equal to 0.78): k(10K) = 2.410-10 cm3 molecule-1 s-1 with F0 = 3.0 except for C + CH 
(F0 = 2.0) for which a theoretical study has been performed (Boggio-Pasqua et al. 2000). 
 
3
C + 
1
CnH2 reactions: 
These reactions are very similar to the carbon atoms reactions with alkenes, alkynes, dienes 
and diynes (Haider & Husain 1992, Haider & Husain 1993a, Haider & Husain 1993b, Husain 
& Ioannou 1997, Husain & Kirsch 1971b, Husain & Kirsch 1971a, Clary et al. 1994, 
Chastaing et al. 1998, Chastaing et al. 2000). There is very likely to be no barrier in the 
entrance valley for these reactions. The rate constant for these reactions should be very close 
to the ones for C + alkenes, alkynes, dienes and diynes. We recommend a value similar to the 
ones for the C + C2H2 and C + C3H4 reactions (Chastaing et al. 1998, Chastaing et al. 2000) . 
 
3
C + 
1
C2n+1O reactions: 
There is likely to be no barrier in the entrance valley for these reactions by comparison with 
the C + alkenes and alkynes reactions. This case is very similar to the C + C2n+1 one (see 
section 3.1.1). We reach the same conclusions and recommend k(10K) = 3.010-10 cm3 
molecule
-1
 s
-1
 with F0 = 1.6. 
 
3
C + 
2
CnN reactions: 
2
CnN radicals are isoelectronic with 
2
CnH radicals (either in a 
2 ground state or in a 2 (2A’) 
ground state). As a result, we consider that 
2
CnN radicals have similar reactivity to 
2
CnH 
radicals leading to a recommended rate constant k(10K) = 2.410-10 cm3 molecule-1 s-1 (with 
F0 = 3.0 as there are neither measurements nor theoretical studies for these reactions). 
 
3
C + 
1
HC2n+1N reactions:  
These reactions are very similar to the 
3
C + 
1
C2n+1,
 1
CnH2, 
1
C2n+1O ones. There is likely to be 
no barrier in the entrance valley as shown by (Li et al. 2006) for C + HC3N. As the exit 
channel on the triplet surface is only -30 to -50 kJ/mol below the reactant C + HC2n+1N level, 
back dissociation is calculated to be equal to 60% for C + HC3N (Li et al. 2006) leading to a 
rate constant smaller than the capture one, close to k(10K) = 1.010-10 cm3 molecule-1 s-1. 
 
4
N + 
3
C2n reactions: 
Considering the value of the rate constant for the N + 
3
C2 reaction, measured to be 2.810
-11
 
cm
3
 molecule
-1
 s
-1
 (Becker et al. 2000), we consider no barrier in the entrance valley for these 
reactions. 
4
N + C2(a
3) reagents correlate adiabatically with two doublet, two quadruplet and 
two sextuplet states. Considering that only the doublet surfaces have no barrier, there is an 
electronic degeneracy factor equal to 4/24 = 1/6 leading to a capture rate constant close to 
910-11(T/300)0.17 cm3 molecule-1 s-1. The capture rate constant seems overestimated by 
comparison with the measured value equal to 2.810-11 cm3 molecule-1 s-1 (Becker et al. 
2000). As a result, we recommend a rate constant similar to the N + 
3
C2 ones for the N + 
3
C2n 
reactions: k(T) = 310-11(T/300)0.17 cm3 molecule-1 s-1 with F0 = 3.0.  
 
4
N + 
1
C2 reaction: 
The reactants 
4
N + 
1
C2 correlate adiabatically with quadruplet states, as do the products: 
2
CN 
+ 
3
C. As a result, there is no electronic degeneracy factor leading to a high capture rate 
constant close to 510-10(T/300)0.17 cm3 molecule-1 s-1. However by comparison with the N 
+ 
3
C2 reaction (Becker et al. 2000) where the rate constant is notably smaller than the capture 
rate value we recommend a lower value for the rate constant: k(T) = 210-10(T/300)0.17 cm3 
molecule
-1
 s
-1
 with F0 = 3.0. 
 
4
N + 
2
CnH reactions: 
4
N + CnH(
2 or 2A’) reagents correlate adiabatically with one triplet state and one quintuplet 
state and 
4
N + CnH(
2) correlate adiabatically with two triplet and two quintuplet states. 
Considering that only the triplet surfaces have no barrier and that both triplet surfaces are 
reactive as excited CN(A
2) states are accessible in the case of CnH(
2), there is an 
electronic degeneracy factor equal to 3/8. The capture rate constant including electronic 
degeneracy for N + CH is equal to (3/8)410-10(T/300)0.17 cm3 molecule-1 s-1 = 1.510-
10(T/300)0.17 cm3 molecule-1 s-1, in good agreement with the experimental value for the N + 
CH reaction between 216 and 584K: 1.610-10(T/300)-0.09 cm3 molecule-1 s-1 (Brownsword et 
al. 1996). For the 
4
N + CnH reactions we recommend the experimental room temperature rate 
constant (Brownsword et al. 1996) with the capture rate theory predicting a positive 
temperature dependence: 1.610-10(T/300)0.17 cm3 molecule-1 s-1. It should be noted that a 
new experimental and theoretical study between 10 K and 296 K has just been published 
showing a positive temperature dependence and a smaller rate constant at low temperature 
(Daranlot et al. 2013). The value for this rate constant will be updated in a future study.  
 
4
N + 
1
CnH2 reactions: 
There are various measurements at room temperature for the N + C2H2 reaction leading to a 
very low rate constant  (Sato et al. 1979, Herron & Huie 1968) and an activation barrier of 86 
kJ/mol has been theoretically predicted by (Balucani et al. 2000). There is therefore likely to 
be a notable barrier for all these reactions involving 
1
C2nH2 leading to negligible values of the 
rate constant for these reactions at low temperature. In this study the reactivity of 
1
C2n+1H2 
with N atoms is neglected. 
 
4
N + 
2
CnN reactions: 
4
N + CnN(
2 or 2A’) reagents correlate adiabatically with one triplet and one quintuplet states 
and 
4
N + CnN(
2) correlate adiabatically with two triplet surfaces and two quintuplet states. 
Considering that only the triplet surfaces have no barrier and that both triplet surfaces are 
reactive as excited CN(A
2) states are accessible in the case of CnN(
2), there is an 
electronic degeneracy factor equal to 3/8. The capture rate constant including electronic 
degeneracy for N + CN is equal to (3/8)410-10(T/300)0.17 cm3 molecule-1 s-1 = 1.510-
10(T/300)0.17 cm3 molecule-1 s-1, slightly above the N + CN experimental rate constant: 
910-11(T/300)0.42 cm3 molecule-1 s-1 between 56 and 300K. There is very likely to be no 
barrier for these reactions and as there is very little data on these reactions for n>1 (Whyte & 
Phillips 1983), we recommend the usual capture rate temperature dependence for the N + CnN 
reactions (for n>1) with a value at 300 K equal to the experimentally measured one for the N 
+ CN reaction. For the N + CN reaction we recommend the measured values of Daranlot et al. 
2012a:  
k(T) = 910-11(T/300)0.42 cm3 molecule-1 s-1 for N + CN reaction  
k(T) = 910-11(T/300)0.17 cm3 molecule-1 s-1 for N + Cn>1N reaction  
 
3
O + 
1
C2 reaction: 
3
O + 
1
C2(X
1+) reagents correlate adiabatically with triplet states as do the products 1CO + 3C, 
so the electronic degeneracy factor is 1. This case is similar to the O + butenes one where 
reaction is thought to proceed through addition via Van der Waals complex formation. The 
low temperature reactivity of the O + alkenes reactions have been studied in CRESU 
experiments (Sabbah et al. 2007) showing that for propene, 1-butene, iso and trans butenes, 
the low rate constant value at room temperature was due to a submerged barrier and that the 
rate constant at low temperature was close, at least for iso and trans butenes, to the capture 
limited rate value. However, as the capture rate constant is dominated by the dispersion term 
which is proportional to 1/3 where  is the polarisability, the lower  for oxygen compared 
with carbon leads to a smaller rate constant at low temperature for the O + alkenes reactions 
(k(25K) = 2  10-10 cm3 molecule-1 s-1 for O + trans-butene) (Sabbah et al. 2007) compared 
with k(25K) = 4  10-10 cm3 molecule-1 s-1 for C + allene/methyl-acetylene (Chastaing et al. 
2000)). For the 
3
O + 
1
C2 reaction there is very likely to be no submerged barrier leading to a 
rate constant close to 2.0  10-10 cm3 molecule-1 s-1 in the 10-300 K range using the same 
capture rate constant deduced from experimental studies of O + alkenes reactions. (Sabbah et 
al. 2007). We recommend an uncertainty factor equal to 3.0 as the reference reactions, O + 
alkenes, show a complex temperature dependence due to submerged barrier leading to 
increased uncertainty of the rate constant value at 10K. 
 
3
O + 
3
C2n reactions: 
Considering the reactivity of oxygen atoms with alkenes (Sabbah et al. 2007) as well as the 
large rate constant for the O + 
3
C2 reaction (k(300K) = 1.010
-10 
cm
3
 molecule
-1
 s
-1
 (Becker et 
al. 2000)), there is very likely to be no barrier for these reactions. 
3
O + 
3
C2n reactants correlate 
adiabatically with singlet, triplet and quintuplet states. The reactions with oxygen atoms are 
very exothermic so that singlet and triplet state products are accessible. Considering only the 
singlet surface as reactive leads to an electronic degeneracy factor of 1/9, and considering 
singlet and triplet surfaces as reactive leads to an electronic degeneracy factor of 4/9. The rate 
constant for the O + 
3
C2 reaction (rH = 582 kJ/mol) measured by (Becker et al. 2000), 
corresponds to an electronic degeneracy factor of 4/9 if kcapture is equal to 210
-10
 cm
3
 
molecule
-1
 s
-1
 suggesting that products in their excited electronic states are produced. As all 
the O + 
3
C2n reactions are also highly exothermic, products in their triplet electronic states are 
likely to be accessible. Then the experimental rate constant of the O + 
3
C2 reaction at room 
temperature is recommended for all the O + 
3
C2n reactions with the theoretical capture rate 
temperature dependence (T
0.17
). As there is a direct reliable measurement of the  O + 
3
C2 
reaction, the uncertainty factor F0 is taken to be equal to 2. 
 
3
O + 
2
CnH reactions: 
3
O + CnH(
2 or 2A’) reagents correlate adiabatically with three doublet and three quadruplet 
states and 
3
O + CnH(
2) correlate adiabatically with six doublet and six quadruplet states. We 
consider that all the doublet surfaces have no barrier (as in the case of the O + C2H reaction 
(Georgievskii & Klippenstein 2011)) and correlate with the products in their ground or 
excited states (excited CO states or CnO products are energetically accessible). For oxygen 
atoms, the lowest fine structure level is J = 2, which is fivefold degenerate, leading always to 
a small temperature dependence due to the evolution of the fine structure population. 
Neglecting this small temperature dependence and considering only the doublet surfaces as 
reactive leads to an electronic degeneracy factor of 1/3. Assuming a long range potential for 
the interaction of oxygen atoms with these radicals similar to the one for O with alkenes and 
using the (Sabbah et al. 2007) results leads to k(10-300K) = 2.010-10 (2/6) = 710-11 cm3 
molecule
-1
 s
-1
. This proposition is in relatively good agreement with the available rate 
constant measurements for the O + CH reaction, k(300K) = 9.310-11 cm3 molecule-1 s-1 
(Messing et al. 1980, Messing et al. 1981), the O + C2H reaction, k(300K) = 9.010
-11
 cm
3
 
molecule
-1
 s
-1
 (Boullart et al. 1996, Devriendt et al. 1996) and also with theoretical 
calculations for the O + CH reaction, k(T) = 8.510-11 (T/300)0.15 cm3 molecule-1 s-1 (Phillips 
1990), even if these rates are noticeably smaller than recent statistical calculations for the O + 
C2H reaction  (Georgievskii & Klippenstein 2011). In contrast to the O + alkenes reactions, 
there is likely to be no inner barrier for the O + 
2
CnH reactions as they are radical-radical 
reactions, leading to little temperature dependence (through a convolution of the T
0.17
 
dispersion dependence with the variation of population of the J = 2 level of the oxygen atom). 
Consequently, we propose a constant value in the 10-300K range. For all the O + 
2
CnH 
reactions we recommend a constant value deduced from low temperature measurements of the 
O + alkenes reactions corrected by the appropriate electronic degeneracy factor, leading to 
k(T) = 710-11 cm3 molecule-1 s-1. As there are various scattered measurements and 
calculations we estimate the uncertainty factor F0 to be equal to 2.0. This value is markedly 
higher than the previous value used in astrochemical models although it may still be lower 
than the real value. Clearly experimental measurements, particularly at low temperature, are 
required for these important reactions.  
 
3
O + 
1
CnH2 reactions: 
Temperature dependent rate constants have been measured for the O + C4H2 reaction 
(Mitchell et al. 1986) indicating the presence of a barrier. To estimate the rate constant for O 
+ C6,8,10H2 reactions we apply the prediction criteria from Smith et al. 2006 leading to no 
barrier for the O + C6,8,10H2 reactions (Ionization Energy(C6,8,10H2) – Electron Affinity(O) < 
8.75 eV, IE (C6H2) = 9.50 eV (Bieri et al. 1977), IE (C8,10H2) < 9.50 eV and EA(O) = 1.439 
eV  (Joiner et al. 2011)). The linear cumulenic 
1
C5,7,9H2 isomers are also likely to follow the 
prediction criteria (the calculated IE of C5H2 is found to be equal to 9.30 eV at M06-2X/cc-
pVTZ level). As there is likely to be an inner barrier, similar to the O + alkenes reactions 
(Sabbah et al. 2007), we only recommend a rate constant at 10 K equal to the experimental 
rate constant (Sabbah et al. 2007) for the reaction of O with iso and trans butenes: k(10K) = 
210-10 cm3 molecule-1 s-1. 
 
3
O + 
2
CnN reactions:
 
The CnN radicals have similar electronic ground states and polarisabilities as CnH radicals and 
we recommend the same rate constant for O + CnN reactions as for O + CnH reactions: k(T) = 
710-11 cm3 molecule-1 s-1 in the 10-300 K range. 
 
1
C2n+1O ionic chemistry: 
As we introduce new C2n+1O species we have to describe their ionic chemistry. The ionic 
chemistry for these species is limited, as HC2n+1O
+
 ions, formed by the C2n+1O + H3
+
, C2n+1O 
+ HCO
+
, C2n+1O + HCNH
+
 reactions, do not react with H2 (there are no exothermic pathways) 
but only with electrons (probably leading to H + C2n+1O, HC2n+1 + O and HC2n + CO). HC3O
+
 
is currently present in KIDA and we introduce HC5,7,9O
+
 cations considering only their 
formation from C2n+1O + H3
+
, C2n+1O + HCO
+
, C2n+1O + HCNH
+
 reactions and their loss 
through Dissociative Recombination (DR) with electrons. The rate constants for the C2n+1O + 
H3
+
, C2n+1O + HCO
+
, C2n+1O + HCNH
+
 reactions are calculated following (Woon & Herbst 
2009) using calculated polarisabilities and dipole moments from the osu database or they are 
calculated at the M06-2X/cc-pVTZ level. All data are presented in Table 2. DR rate constants 
are estimated using the Langevin formula and branching ratios are deduced from similar DR 
reactions (Florescu-Mitchell & Mitchell 2006). 
 
C2,4,6,8,10N
+
 chemistry: 
The C4,6,8,10N
+
 ions are mainly produced by the C
+
 + HC,3,5,7,9N reactions, probably leading to 
C3,5,7,9NC
+
 products and not to C4,6,8,10N
+
 by comparison with C
+
 + HCN (Harland & 
McIntosh 1985). However that is not critical as both C4,6,8,10N
+
 and C3,5,7,9NC
+
 ions will react 
with H2 leading to HCN + C3,5,7,9H
+
 (rH298 = -268 kJ/mol) and HCNH
+
 + C3,8,7,9 (rH298 = -
215 kJ/mol). We have to consider C2N
+
 as a special case, as the C
+
 + HCN reaction is 
supposed to produce CNC
+
, and CNC
+
 does not react with H2. (Knight et al. 1988) As 
C4,6,8,10N
+
 and C3,5,7,9NC
+
 are very likely to react quickly with H2, the electronic dissociative 
recombination reactions are not critical. We calculate the capture rate constants following 
(Woon & Herbst 2009).  
 
HC2,4,6,8,10N
+
 chemistry: 
HC2,4,6,8,10N
+
 ions are mainly formed by quick H
+
 exchange between the main interstellar ions 
(H3
+
, HCO
+
, HCNH
+
) and C2,4,6,8,10N radicals (except for the C2N + HCNH
+
 reaction which is 
endothermic) considering the Proton Affinity values (PA(C2N) = 692 kJ/mol, PA(C4N) = 789 
kJ/mol at M06-2X/cc-p-VTZ and PA(H2) = 422 kJ/mol, PA(CO) = 594 kJ/mol and 
PA(HCN/HNC) = 713/772 kJ/mol from (Hunter & Lias 1998). As a result, the main reactions 
of HC2,4,6,8,10N
+
 ions in dense clouds will be with H2. Indeed, using the thermochemistry of 
HC2N
+
 (Scott et al. 1999) and H2C2N
+
 (Holmes et al. 1993), the HC2,4,6,8,10N
+ 
+ H2  
H2C2,4,6,8,10N
+
 + H reactions are exothermic (-88 kJ/mol for HC2N
+
 + H2  H2C2N
+
 + H) and 
considering no barrier for the HC42,4,6,8,10N
+ 
+ H2  H2C2,4,6,8,10N
+
 + H reactions, we calculate 
the capture rate constants following (Woon & Herbst 2009).  
 
H2C2,4,6,8,10N
+
 chemistry: 
H2C2,4,6,8,10N
+
 ions do not react with H2 as the H2C2,4,6,8,10N
+ 
+ H2  H3C2,4,6,8,10N
+
 + H 
reactions are endothermic (by 268 kJ/mol for H3C2N
+
 (Holmes et al. 1993)). Consequently, 
the main loss process for H2C2,4,6,8,10N
+
 ions is likely to be dissociative recombination, the rate 
constant having been deduced from similar reactions using (Mitchell et al. 1986) (close to the 
Langevin values) and (Plessis et al. 2012). 
 
Table 1: Summary of reactions review. (Full Table in Supplementary Information) 
For carbon atoms reactions T = 10 K only except for C + C3 and C + C2H2. 
 
 
Reaction E 
kJ/mol 
   F0 g ref 
1.  3C + 1C3   
3
C4 + h -495 4.0e-14 -1.0 0 3 0  (Wakelam et al. 2009) 
2.  3C + 3C4   
1,3
C2 + 
1
C3 -101 2.4e-10   3 0  (Wakelam et al. 2009) 
3.  
3
C + 
1
C5   
1
C3 + 
1
C3 -138 1.5e-10   3 0 We consider an exit Transition State below the entrance 
channel (Nelson et al. 1982) and we assume that k = 
0.5kcapture due to back dissociation as it needs triplet-
singlet crossing, the 
1
C3 + 
3
C3 channel being endothermic 
by 64 kJ/mol.  
4.  
3
C + 
3
C6   
3,1
C4 + 
1
C3  
   1C5 + 
1,3
C2 
-147 
-110 
2.0e-10 
4.0e-11 
  3 
3 
0 
0 
 (Diaz-Tendero et al. 2006, Wakelam et al. 2009)  
5.  
3
C + 
1
C7    
1
C3 + 
1
C5 -131 2.0e-10   3 0 We consider an exit Transition State below the entrance 
channel (Nelson et al. 1982) and we assume that k = 
0.8kcapture. 
6.  
3
C + 
3
C8   
1
C7 + 
1,3
C2  
   3,1C6 + 
1
C3 
  1C5 + 
3
C4  
-69 
-105 
-80 
1.0e-11 
1.6e-10 
7.0e-11 
  3 
3 
3 
0 
0 
0 
 
7.  
3
C + 
1
C9   
1
C7 + 
1
C3  
   1C5 + 
1
C5  
-116 
-116 
2.1e-10 
0.3e-10 
  3 
3 
0 
0 
 (Diaz-Tendero et al. 2006, Wakelam et al. 2009). This 
reaction occurs through triplet-singlet crossing but it 
involves a large system so the adduct lifetime is long. 
8.  
3
C + 
3
C10   
3,1
C8 + 
1
C3  
   3,1C6 + 
1
C5  
-108 
-90 
1.8e-10 
6.0e-11 
  3 
3 
0 
0 
The most stable form of C10 is the cyclic (c-
1
C10) one (Van 
Orden & Saykally 1998) 
9.  
3
C + 
1
C11    
1
C9 + 
1
C3 
   1C7 + 
1
C5 
 2.1e-10 
0.3e-10 
  3 
3 
0 
0 
Same as C + C9 
 
         
10.  3C + CH(X2)   1,3C2 + 
2
H  -257 2.4e-10   2 0  (Boggio-Pasqua et al. 2000)  
11.  3C + C2H(X
2)   1C3 + 
2
H  -235 2.4e-10   3 0 Same as C + CH 
12.  
3
C + c-
2
C3H(X
2
A‘)    3C4 + 
2
H 
  1C2 + 
2
C2H 
-175 
-41 
2.4e-10 
0 
  3 
0 
0 
0 
Same as C + CH 
Table 2: Properties of molecules and radicals for rate constant calculations.  
 
Reaction  (Å3) (D) references 
C3O  6.03 2.47  (Woon & Herbst 2009) 
C5O  10.9 3.82  M06-2X/cc-pVTZ calculations using Gaussian09 
HCN  2.50 3.00  (Woon & Herbst 2009) 
HNC  2.73 3.09  (Woon & Herbst 2009) 
HC3N  5.85 3.79  (Woon & Herbst 2009) 
HC5N  9.61 4.55  M06-2X/cc-pVTZ calculations using Gaussian09 
HC7N  15.46 5.12  M06-2X/cc-pVTZ calculations using Gaussian09 
N  1.100 0  http://cccbdb.nist.gov/ 
H2  0.787 0  http://cccbdb.nist.gov/ 
C2N  4.27 0.37  (Woon & Herbst 2009) 
C4N  7.73 0.08  M06-2X/cc-pVTZ calculations using Gaussian09 
C6N  14.08 0.27  M06-2X/cc-pVTZ calculations using Gaussian09 
C8N  22.2 0.58  M06-2X/cc-pVTZ calculations using Gaussian09 
 
 
  
Table 3: Molecular abundances (relative to H2) observed in TMC-1 and L134N.  
Notes: a(b) refers to a10b. Unless otherwise indicated abundances correspond to the positions TMC-1 J2000 = 04
h
 41
m
 41
s
.88, J2000 = +25° 41
m
 
27
s
 (cyanopolyyne peak) and L134N J2000 = 15
h
 54
m
 06
s
.55, J2000 =  -2° 52
m 
19
s
. Most abundances were derived from observed column 
densities adopting N(H2) = 10
22
 cm
-2
 for both TMC-1 and L134N (Goldsmith et al. 2007).  
 
 TMC-1  L134N  
OH  
  
1.4(-7) 
 2.6(-7)  
 (Harju et al. 2000)  
 (Suutarinen et al. 2011) 
7.5(-8)  (Ohishi et al. 1992) 
O2   (Pagani et al. 2003) <7.7(-8)  (Pag ni et al. 2003) <1.7(-7)  (Pagani et al. 2003) 
CO  1.7(-4)  (Pratap et al. 1997) 8.7(-5)  (Dickens et al. 2000) 
C3O  1(-10) 
1.4(-10) 
 (Ohishi & Kaifu 1998) 
 (Brown et al. 1985) 
<5(-11)  (Ohishi et al. 1992) 
NO 2.7(-8)  (Gerin et al. 1993) 2.0(-7) 
2.0(-8) 
8.0(-9) 
 (Gerin et al. 1992) 
 (Akyilmaz et al. 2007) 
 (Akyilmaz et al. 2007) 
CH 1.6(-8)  (Suutarinen et al. 2011) 1.0(-8)  (Ohishi et al. 1992) 
C2H 6.0(-8) 
2.3(-8) 
7.2(-9) 
 (Sakai et al. 2010) 
 (Turner et al. 1999, Turner et al. 2000) 
 (Pratap et al. 1997) 
2.3(-9)  (Dickens et al. 2000) 
c-C3H 1.03(-9) 
6.0(-9) 
 (Fossé et al. 2001) 
 (Turner et al. 2000) 
4.3(-10)  (Turner et al. 2000) 
l-C3H 8.4(-11) 
1.05(-9) 
 (Fossé et al. 2001) 
 (Turner et al. 2000) 
1.25(-10)  (Turner et al. 2000) 
C4H 7.1(-8) 
1.23(-8) 
1.6(-8) 
5.7(-8) 
5.7(-8) 
6.91(-8) 
 (Agundez et al. 2008)  
 (Turner et al. 2000) 
 (Irvine et al. 1981)  
 (Brunken et al. 2007) 
 (Thaddeus et al. 2008) 
 (Cordiner et al. 2013) 
1.77(-9)  (Turner et al. 2000) 
C5H 5.07(-10)  (Turner et al. 2000) <4.96(-11)  (Turner et al. 2000) 
C6H 4.7(-10) 
8.0(-10) 
7.5(-10) 
 (Fossé et al. 2001)   
 (Turner et al. 2000) 
 (Brunken et al. 2007) 
<4.3(-11)  (Gupta et al. 2009) 
C8H 4.6(-11)  (Brunken et al. 2007) -  
c-C3H2 5.8(-9) 
4.23(-9) 
 (Fossé et al. 2001) 
 (Turner et al. 2000) 
2.08(-9)  (Turner et al. 2000) 
l-C3H2 2.1(-10)  (Fossé et al. 2001) 4.2(-11)  (Turner et al. 2000) 
3.36(-10)  (Turner et al. 2000) 
CN 7.4(-10) 
2.9(-8) 
 (Pratap et al. 1997) 
 (Crutcher et al. 1984) 
4.8(-10)  (Dickens et al. 2000) 
C3N 6(-10) 
9.5(-9) 
 (Ohishi & Kaifu 1998) 
 (Thaddeus et al. 2008) 
<2(10)  (Ohishi et al. 1992) 
C5N 3.1(-11)  (Guélin et al. 1998) -  
HC3N 1.6(-8) 
4.4(-9) 
 (Takano et al. 1998) 
 (Pratap et al. 1997) 
4.3(-10)  (Dickens et al. 2000) 
HC5N 4(-9) 
3.3(-9) 
 (Ohishi & Kaifu 1998) 
 (Bell et al. 1997) 
1(-10)  (Ohishi et al. 1992) 
HC7N 1(-9) 
1.1(-9) 
 (Ohishi & Kaifu 1998) 
 (Bell et al. 1997) 
<2(-11)  (Ohishi et al. 1992) 
HC9N 5(-10) 
1.9(-10) 
 (Ohishi & Kaifu 1998) 
 (Bell et al. 1997) 
-  
HC11N 2.8(-11)  (Bell et al. 1997) -  
C4H
-
 <3.7(-12) 
<2.3(-12) 
8.0(-13) 
 (Agundez et al. 2008) 
 (Thaddeus et al. 2008) 
 (Cordiner et al. 2013) 
<3.8(-12)  (Agundez et al. 2008) 
 
C6H
-
 1.0(-11)  (Brunken et al. 2007) <1.2(-11)  (Gupta et al. 2009) 
C8H
-
 2.1(-12)  (Brunken et al. 2007) -  
C3N
-
 <7(-11)  (Thaddeus et al. 2008) -  
 
 
  
Fig. 1: Abundances of CnH (n=1-8), c-C3H2, l-C3H2, CN, C3N, C5N, HCnH (n=3, 5, 7 and 9), OH, NO, O2, C3O, C3N
-
, C4H
-
, C6H
-
, C8H
-
 species 
as a function of time predicted by the four models: C/O=0.7 and old network (red dashed lines), C/O=0.7 and new network (red solid 
lines), C/O=0.95 and old network (blue dashed lines), C/O=0.95 and new network (blue solid lines). Horizontal lines represent the 
abundances observed in TMC-1 (CP) (orange) and L134N (N) (green) and horizontal rectangles represent arbitrary uncertainties. The 
vertical arrow means that only an upper limit is known. 
 
 
   
   
   
   
 
  
   
   
   
 
  
 
 
 
 
  
Fig. 2: Mean distance of disagreement computed for the two dark clouds TMC-1 (CP) and L134N (N) predicted by the four models: C/O=0.7 and 
old network (red dashed lines), C/O=0.7 and new network (red solid lines), C/O=0.95 and old network (blue dashed lines), C/O=0.95 and new 
network (blue solid lines). 
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 Table 1: Summary of reactions review. (Full Table) 
For carbon atoms reactions T = 10 K only except for C + C3 and C + C2H2. 
 
 
Reaction E 
kJ/mo
l 
   F0 g ref 
13.  3C + 1C3   
3
C4 + h -495 4.0e-14 -1.0 0 3 0  (Wakelam et al. 2009) 
14.  3C + 3C4   
1,3
C2 + 
1
C3 -101 2.4e-10   3 0  (Wakelam et al. 2009) 
15.  
3
C + 
1
C5   
1
C3 + 
1
C3 -138 1.5e-10   3 0 We consider an exit Transition State below the entrance 
channel (Nelson et al. 1982) and we assume that k = 
0.5kcapture due to back dissociation as it needs triplet-
singlet crossing, the 
1
C3 + 
3
C3 channel being 
endothermic by 64 kJ/mol.  
16.  
3
C + 
3
C6   
3,1
C4 + 
1
C3  
   1C5 + 
1,3
C2 
-147 
-110 
2.0e-10 
4.0e-11 
  3 
3 
0 
0 
 (Diaz-Tendero et al. 2006, Wakelam et al. 2009)  
17.  
3
C + 
1
C7    
1
C3 + 
1
C5 -131 2.0e-10   3 0 We consider an exit Transition State below the entrance 
channel (Nelson et al. 1982) and we assume that k = 
0.8kcapture. 
18.  
3
C + 
3
C8   
1
C7 + 
1,3
C2  
   3,1C6 + 
1
C3 
  1C5 + 
3
C4  
-69 
-105 
-80 
1.0e-11 
1.6e-10 
7.0e-11 
  3 
3 
3 
0 
0 
0 
 
19.  
3
C + 
1
C9   
1
C7 + 
1
C3  
   1C5 + 
1
C5  
-116 
-116 
2.1e-10 
0.3e-10 
  3 
3 
0 
0 
 (Diaz-Tendero et al. 2006, Wakelam et al. 2009). This 
reaction occurs through triplet-singlet crossing but it 
involves a large system so the adduct lifetime is long. 
20.  
3
C + 
3
C10   
3,1
C8 + 
1
C3  
   3,1C6 + 
1
C5  
-108 
-90 
1.8e-10 
6.0e-11 
  3 
3 
0 
0 
The most stable form of C10 is the cyclic (c-
1
C10) one 
(Van Orden & Saykally 1998) 
21.  
3
C + 
1
C11    
1
C9 + 
1
C3 
   1C7 + 
1
C5 
 2.1e-10 
0.3e-10 
  3 
3 
0 
0 
Same as C + C9 
 
         
22.  3C + CH(X2)   1,3C2 + 
2
H  -257 2.4e-10   2 0  (Boggio-Pasqua et al. 2000)  
23.  3C + C2H(X
2)   1C3 + 
2
H  -235 2.4e-10   3 0 Same as C + CH 
24.  3C + c-2C3H(X
2A‘)    3C4 + 
2
H -175 2.4e-10   3 0 Same as C + CH 
  1C2 + 
2
C2H -41 0 0 0 
25.  
3
C + l-
2
C3H(X
2A‘)    3C4 + 
2
H 
  1C2 + 
2
C2H 
-163 
-29 
2.4e-10 
0 
  3 
0 
0 
0 
Same as C + CH 
26.  
3
C + 
2
C4H   
1
C5 + 
2
H  
  1C3 + 
2
C2H 
-233 
-136 
2.4e-10 
0 
  3 
0 
0 
0 
Same as C + CH 
27.  3C + 2C5H   
3
C6 + 
2
H -117 2.4e-10   3 0 Same as C + CH 
28.  
3
C + 
2
C6H   
1
C7 + 
2
H  
  1C3 + 
2
C4H 
-184 
-82 
2.4e-10 
0 
  3 
0 
0 
0 
 
 
29.  3C + 2C7H   
3
C8 + 
2
H   2.4e-10   3 0 Same as C + CH 
30.  3C + 2C8H   
1
C9 + 
2
H  -165 2.4e-10   3 0 Same as C + CH 
31.  
3
C + 
2
C9H   
3
C10 + 
2
H  2.4e-10   3 0 Same as C + CH. It should be noted that the most stable 
form of C10  is the cyclic (c-
1
C10) one (Van Orden & 
Saykally 1998) 
32.  3C + 2C10H   
1
C11 + 
2
H  2.4e-10   3 0 Same as C + CH 
         
33.  
3
C + 
1
C2H2   
1
C3 + 
1
H2 
  c-2C3H + 
2
H 
  l-2C3H + 
2
H 
-115 
-12 
+1±4 
2.6e-10 
4.1e-11 
7.8e-12 
-0.07 
-0.39 
1.08 
0 
2 
0 
1.2 
1.4 
1.8 
0.9 
0.8 
2 
 (Costes et al. 2009, Chastaing et al. 2001) 
34.  
3
C + 
1
C4H2   
2
C5H + 
2
H 
  1C5 + 
1
H2 
  1C3 + 
1
C2H2 
-36 
-103 
-128 
3.0e-10 
0 
0 
  2 0 See text.  (Gu et al. 2007) 
35.  
3
C + 
1
C5H2   
2
C6H + 
2
H 
  3C6 + 
1
H2 
-265 
-211 
3.0e-10 
0 
  2 
0 
0 
0 
See text. We consider a high exit barrier for H2 
formation 
36.  3C + 1C6H2   
2
C7H + 
2
H  3.0e-10   2 0 See text. 
37.  3C + 1C7H2   
2
C8H + 
2
H  3.0e-10   2 0 See text. 
38.  3C + 1C8H2   
2
C9H + 
2
H  3.0e-10   2 0 See text. 
39.  3C + 1C9H2   
2
C10H + 
2
H  3.0e-10   2 0 See text. 
40.  
3
C + 
1
C10H2  
1
C3 + 
1
C8H2 
  1C5 + 
1
C6H2 
  1C7 + 
1
C4H2 
  1C9 + 
1
C2H2 
  2C2H + 
2
C9H 
  2C3H + 
2
C8H 
 4.0e-11 
4.0e-11 
4.0e-11 
4.0e-11 
4.0e-11 
4.0e-11 
  2 
2 
2 
2 
2 
2 
0 
0 
0 
0 
0 
0 
The products are likely to be C11H + H but C11H is not 
present in the model. We distribute the products over 
various spin forbidden and slightly endothermic exit 
channels to avoid the creation of an artificial sink. 
 
 
  2C4H + 
2
C7H 
  2C5H + 
2
C6H 
4.0e-11 
4.0e-11 
2 
2 
0 
0 
         
41.  
3
C + CCN(X
2)    2CN + 1,3C2  
     1C3 + 
4
N 
-133 
-103 
2.4e-10 
0 
  3 
0 
0 
0 
See text. 
42.  3C + C3N(X
2+)   2CN + 1C3  -142 2.4e-10   3 0 See text. 
43.  
3
C + C4N(X
2)   2C3N + 
1,3
C2 
  1C3 + 
2
C2N 
  2CN + 3C4 
-35 
-44 
-47 
8.0e-11 
8.0e-11 
8.0e-11 
  3 
3 
3 
0 
0 
0 
See text. We consider no barrier to the exit channels 
even for 
1
C3 + 
2
C2N by comparison with  
1
C2H2 + 
2
C2N 
reaction (Wang et al. 2006) 
44.  
3
C + C5N(X
2+)   2C3N + 
1
C3 
  2CN + 1C5 
-157 
-161 
1.2e-10 
1.2e-10 
  3 
3 
0 
0 
See text. We consider no exit barrier for the C3N + C3 
and CN + C5 exit channels by comparison with CN + 
C2H4  (Sims et al. 1993, Gannon et al. 2007) and C3N 
reactivity  (Petrie & Osamura 2004) 
45.  
3
C + C6N(X
2)   2C4N + 
1
C3 
  2C3N + 
3
C4 
  2CN + 3C6 
-79 
-13 
-8 
1.6e-10 
6.0e-11 
2.0e-11 
  3 
3 
3 
0 
0 
0 
See text. We consider no exit barrier for the 
2
C3N + 
3
C4 
and 
2
CN + 
3
C6 exit channels but there is likely to be one 
for 
2
C4N + 
1
C3 formation. The branching ratio is roughly 
estimated from the exothermicities. 
46.  
3
C + C7N(X
2+)   2C5N + 
1
C3 
  2CN + 1C7 
-87 
-117 
1.2e-10 
1.2e-10 
  3 
3 
0 
0 
Simplified exit channels 
47.  
3
C + C8N(X
2)   2C6N + 
1
C3 
  2C4N + 
1
C5 
  2C3N + 
3
C6 
  2CN + 3C8 
-115 
-56 
-25 
-66 
1.2e-10 
4.0e-11 
4.0e-11 
4.0e-11 
  3 
3 
3 
3 
0 
0 
0 
0 
Branching ratio roughly estimated from exothermicities. 
48.  
3
C + C9N(X
2+)   2C7N + 
1
C3 
  2CN + 1C9 
 1.2e-10 
1.2e-10 
  3 
3 
0 
0 
Simplified exit channels 
49.  
3
C + C10N(X
2)   2C8N + 
1
C3 
  2CN + 3C10  
 1.2e-10 
1.2e-10 
  3 
3 
0 
0 
Simplified exit channels 
         
50.  3C + 1HC3N   
2
C4N + 
2
H -19 1.0e-10   3 0  (Li et al. 2006)  
51.  
3
C + 
1
HC5N   
2
C6N + 
2
H -36 1.0e-10   3 0 Equal to C + HC3N, thermochemistry calculated at the 
M06-2X/cc-pVTZ level using Gaussian09. 
T  
3
C + 
1
HC7N   
2
C8N + 
2
H -49 1.0e-10   3 0 Equal to C + HC3N, thermochemistry calculated at the 
M06-2X/cc-pVTZ level using Gaussian09 
52.  3C + 1HC9N   
2
C10N + 
2
H  1.0e-10   3 0 Equal to C + HC3N. 
         
53.  
3
C + 
1
C3O   
3
C3 + 
1
CO 
   1C3 + 
1
CO 
-126 
-328 
3.0e-10 
0 
  3 
0 
0 
0 
See text. 
54.  
3
C + 
1
C5O   
3
C5 + 
1
CO 
   1C5 + 
1
CO 
 
-387 
3.0e-10 
0 
  3 
0 
0 
0 
See text. 
55.  3C + 1C7O   
1,3
C7 + 
1
CO  3.0e-10   3 0 See text. 
56.  3C + 1C9O   
1,3
C9 + 
1
CO  3.0e-10   3 0 See text. 
         
57.  4N + 1C2   
3
C + 
2
CN -159 2.0e-10 0.17 0 2 0 See text. 
58.  
4
N + 
3
C4   
1
C3 + 
2
CN -260 3.0e-11 0.17 0 3 0 Comparison with the N + 
3
C2 reaction (Becker et al. 
2000)  
59.  
4
N + 
3
C6   
1
C5 + 
2
CN 
  1C3 + 
2
C3N 
-269 
-265 
1.5e-11 
1.5e-11 
0.17 
0.17 
0 
0 
3 
3 
0 
0 
Comparison with the N + 
3
C2 reaction (Becker et al. 
2000). Branching ratio roughly estimated from the 
exothermicities. 
60.  
4
N + 
3
C8   
1
C7 + 
2
CN 
  1C5 + 
2
C3N 
  1C3 + 
2
C5N 
 1.0e-11 
1.0e-11 
1.0e-11 
0.17 
0.17 
0.17 
0 
0 
0 
3 
3 
3 
0 
0 
0 
By comparison with N + 
3
C2 reaction (Becker et al. 
2000).  Branching ratio roughly estimated with 
exothermicities. 
61.  
4
N + 
3
C10   
1
C9 + 
2
CN 
  1C7 + 
2
C3N 
  1C5 + 
2
C5N 
  1C3 + 
2
C7N 
 1.0e-11 
1.0e-11 
1.0e-11 
1.0e-11 
0.17 
0.17 
0.17 
0.17 
0 
0 
0 
0 
3 
3 
3 
3 
0 
0 
0 
0 
Comparison with the N + 
3
C2 reaction (Becker et al. 
2000). Branching ratio roughly estimated from the 
exothermicities. 
62.  
4
N + 
1
C3,5,7,9  
3
C2,4,6,8 + 
2
CN  0 (10 K)     Ab-initio calculations for the 
4
N + 
1
C3 reaction show a 
barrier. 
         
63.  4N + 2CH     2CN + 2H -416 1.6e-10 0.17 0 1.6 7 Deduced from (Brownsword et al. 1996) 
64.  
4
N + 
2
C2H     
2
CCN + 
2
H 
   1HCN + 3C 
   1HNC + 3C 
-132 
-187 
-132 
1.5e-10 
8.0e-12 
2.0e-12 
0.17 
0.17 
0.17 
0 
0 
0 
2 
2 
2 
0 
0 
0 
Deduced from (Brownsword et al. 1996). Branching 
ratio from Ab-initio and RRKM calculations (this work). 
65.  
4
N + l-
2
C3H   
2
C3N + 
2
H 
   2CN + 2C2H 
   1HCN + 3C2 
-292 
-212 
-218 
1.1e-10 
5.0e-11 
0 
0.17 
0.17 
0 
0 
0 
0 
3 
3 
0 
0 
0 
0 
See text. Branching ratio estimated from HC3N 
photodissociation (Silva et al. 2009). The 
1
HCN + 
3
C2 
exit channel is neglected as it needs a tight isomerization 
transition state. 
66.  
4
N + c-
2
C3H   
2
C3N + 
2
H 
   2CN + 2C2H 
   1HCN + 3C2 
-280 
-200 
-205 
1.1e-10 
5.0e-11 
0 
0.17 
0.17 
0 
0 
0 
0 
3 
3 
0 
0 
0 
0 
See text. The c-
2
C3H is assumed to have similar 
reactivity to l-
2
C3H. 
67.  
4
N + 
2
C4H   
2
C4N + 
2
H  
   2CN + 2C3H 
   1HC3N + 
3
C 
   1HCN + 3C3 
   1HNC + 3C3
  
-224 
-125 
-217 
-121 
-66 
7.0e-11 
1.0e-11 
7.0e-11 
1.0e-11 
0 
0.17 
0.17 
0.17 
0.17 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
0 
0 
0 
0 
0 
0 
See text. The branching ratios are roughly estimated 
from exothermicities. 
68.  
4
N + 
2
C5H   
2
C5N + 
2
H 
   2C3N + 
2
C2H 
   2CN + 2C4H 
   1HC3N + 
3
C2 
   1HCN + 3C4 
   1HNC + 3C4 
-225 
-147 
-115 
-201 
-216 
-161 
6.0e-11 
1.0e-11 
1.0e-11 
3.0e-11 
3.0e-11 
1.0e-11 
0.17 
0.17 
0.17 
0.17 
0.17 
0.17 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
3 
3 
0 
0 
0 
0 
0 
0 
See text. The branching ratios are roughly estimated 
from exothermicities. 
69.  
4
N + 
2
C6H   
2
C6N + 
2
H 
   1HC5N + 
3
C 
-227 
-170 
1.0e-10 
6.0e-11 
0.17 
0.17 
0 
0 
3 
3 
0 
0 
See text. The branching ratios are roughly estimated 
from exothermicities. 
70.  
4
N + 
2
C7H   
2
C7N + 
2
H 
   2C5N + 
2
C2H 
   2C3N + 
2
C4H 
   2CN + 2C6H 
   1HCN + 3C6 
   1HNC + 3C6 
 1.0e-10 
2.0e-11 
2.0e-11 
2.0e-11 
0 
0 
0.17 
0.17 
0.17 
0.17 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
0 
0 
0 
0 
0 
0 
0 
0 
The branching ratios are roughly estimated from 
exothermicities. The production of both HCN and HNC 
are neglected. 
71.  
4
N + 
2
C8H   
2
C8N + 
2
H 
   1HC7N + 
3
C 
 8.0e-11 
8.0e-11 
0.17 
0.17 
 
0 
0 
3 
3 
0 
0 
See text. The branching ratios are roughly estimated 
from exothermicities. 
72.  
4
N + 
2
C9H   
2
C9N + 
2
H 
   2C7N + 
2
C2H 
   2C5N + 
2
C4H 
   2C3N + 
2
C6H 
   2CN + 2C8H 
 1.2e-10 
1.0e-11 
1.0e-11 
1.0e-11 
1.0e-11 
0.17 
0.17 
0.17 
0.17 
0.17 
0 
0 
0 
0 
0 
3 
3 
3 
3 
3 
0 
0 
0 
0 
0 
The branching ratios are roughly estimated from 
exothermicities. The production of both HCN and HNC 
are neglected. 
73.  
4
N + 
2
C10H   
2
C10N + 
2
H 
   1HC9N + 
3
C 
 8.0e-11 
8.0e-11 
0.17 
0.17 
0 
0 
3 
3 
0 
0 
See text. The branching ratios are roughly estimated 
from exothermicities. 
         
74.  4N + CN(X2+)  3C + 1N2 -191 9.0e-11 0.42 0 1.4 0  (Daranlot et al. 2012) 
75.  
4
N + C2N(X
2)  2CN + 2CN 
  3C2 + 
1
N2 
-21 
-317 
9.0e-11 
0 
0.17 
0 
0 
0 
3 
3 
0 
0 
See text.  
76.  
4
N + 
2
C3N(X
2+)   2CN + C2N 
  1C3 + 
1
N2 
-39 
-333 
9.0e-11 
0 
0.17 
0 
0 
0 
3 
3 
0 
0 
See text. 
77.  
4
N + 
2
C4N(X
2)   2CN + 2C3N 
  3C4 + 
1
N2 
-194 
-267 
9.0e-11 
0 
0.17 
0 
0 
0 
3 
3 
0 
0 
See text. 
78.  
4
N + 
2
C5N(X
2+)  2CN + 2C4N 
  2C2N + 
2
C3N 
  1C5 + 
1
N2 
-152 
-54 
-352 
9.0e-11 
0 
0 
0.17 
0 
0 
0 
0 
0 
3 
3 
0 
0 
0 
0 
See text. 
79.  
4
N + 
2
C6N(X
2)   2CN + 2C5N 
  2C3N + 
2
C3N 
  3C6 + 
1
N2 
-116 
-131 
-199 
4.0e-11 
5.0e-11 
0 
0.17 
0.17 
0 
0 
0 
0 
3 
3 
0 
0 
0 
0 
See text. 
80.  4N + 2C7N(X
2+)   2CN + 2C6N  9.0e-11 0.17 0 3 0 See text. 
81.  
4
N + 
2
C8N(X
2)   2CN + 2C7N 
  2C3N + 
2
C5N 
  3C8 + 
1
N2 
 4.0e-11 
5.0e-11 
0 
0.17 
0.17 
0 
0 
0 
0 
3 
3 
0 
0 
0 
0 
See text. 
82.  4N + 2C9N(X
2+)   2CN + 2C8N  9.0e-11 0.17 0 3 0 See text. 
83.  
4
N + 
2
C10N(X
2)  2CN + 2C9N 
  2C3N + 
2
C7N 
  2C5N + 
2
C5N 
  3C10 + 
1
N2 
 3.0e-11 
3.0e-11 
3.0e-11 
0 
0.17 
0.17 
0.17 
0 
0 
0 
0 
0 
3 
3 
3 
0 
0 
0 
0 
0 
See text. 
84.          
85.  3O + 1C2   
3
C + 
1
CO  -381 2.0e-10 0.17 0 3 0 See text. 
86.  3O + 1C3   
3
C2 + 
1
CO  -352 0 (10K)     We assume the presence of a barrier for this reaction. 
87.  
3
O + 
3
C4   
3
C3 + 
1
CO
  
   1C3 + 
1
CO 
-378 
-582 
1.0e-10 
0 
0.17 
0 
0 
0 
2 
0 
0 
0 
See text. 
88.  3O + 1C5   
3
C4 + 
1
CO  -389 0 (10K)     We assume the presence of a barrier for this reaction. 
89.  
3
O + 
3
C6   
3
C5 + 
1
CO 
   1C5 + 
1
CO 
 
-591 
1.0e-10 
0 
0.17 
0 
0 
0 
2 
0 
0 
0 
See text. 
90.  3O + 1C7   
3
C6 + 
1
CO -373 0 (10K)     We assume the presence of a barrier for this reaction. 
91.  
3
O + 
3
C8   
3
C7 + 
1
CO 
   1C7 + 
1
CO 
 
-550 
1.0e-10 
0 
0.17 
0 
0 
0 
2 
0 
0 
0 
See text.  
92.  3O + 1C9   
3
C8 + 
1
CO -449 0 (10K)     We assume the presence of a barrier for this reaction. 
93.  3O + 3C10   
3
C9 + 
1
CO  1.0e-10 0.17 0 2 0 See text. 
         
94.  
3
O + 
2
CH(X
2)   1CO + 2H
  
   3CO + 2H 
-736 
-153 
7.0e-11  0 0 2 0  (Messing et al. 1980, Messing et al. 1981, Phillips 
1990) 
95.  
3
O + 
2
C2H(X
2+)   1CO + 2CH 
 
-328 7.0e-11  0 0 2 0  (Boullart et al. 1996, Devriendt et al. 1996)  
96.  
3
O + l-
2
C3H   
1
CO + 
2
C2H 
   1C3O + 
2
H 
-535 
-442 
5.0e-11 
2.0e-11 
0 
0 
0 
0 
2 
2 
0 
0 
See text.   
97.  
3
O + c-
2
C3H   
1
CO + 
2
C2H 
   1C3O + 
2
H 
-522 
-429 
5.0e-11 
2.0e-11 
0 
0 
0 
0 
2 
2 
0 
0 
See text. 
98.  
3
O + 
2
C4H   
1
CO + 
2
C3H 
   1C4O + 
2
H 
-447 
-250 
7.0e-11 
0  
0 
0 
0 
0 
2 
2 
0 
0 
See text. 
99.  
3
O + 
2
C5H   
1
CO + 
2
C4H 
   1C5O + 
2
H 
-475 
-321 
6.0e-11 
1.0e-11 
0 
0 
0 
0 
2 
2 
0 
0 
See text. 
100.  3O + 2C6H   
1
CO + 
2
C5H -440 7.0e-11  0 0 2 0 See text. 
101.  
3
O + 
2
C7H   
1
CO + 
2
C6H 
   1C7O + 
2
H 
 6.0e-11 
1.0e-11 
0 
0 
0 
0 
2 
2 
0 
0 
See text. 
102.  3O + 2C8H   
1
CO + 
2
C7H  7.0e-11  0 0 2 0 See text. 
103.  
3
O + 
2
C9H   
1
CO + 
2
C8H 
   1C9O + 
2
H 
 6.0e-11 
1.0e-11 
0 
0 
0 
0 
2 
2 
0 
0 
See text. 
104.  3O + 2C10H   
1
CO + 
2
C9H  7.0e-11  0 0 2 0 See text. 
         
105.  3O + 1C4H2  
1
CO + t-
3
C3H2  1.31e-11 0 678 1.6 100  (Mitchell et al. 1986) 
106.  3O + 1C6H2  
1
CO + 
3
C5H2  3.0e-11 -0.5 0 2 100 See text. 
107.  3O + 1C8H2  
1
CO + 
3
C7H2  3.0e-11 -0.5 0 2 100 See text. 
108.  
3
O + 
1
C5,7,9H2   
1
C4,6,8H2 + 
1
CO 
-699 2.0e-10 0 0 3 0 See text. 
         
109.  3O + CN(X2+)  1CO + N -322 7.0e-11 0.17 0 2 0  (Andersson et al. 2003, Titarchuk & Halpern 1995, 
Schmatjko & Wolfrum 1977) 
110.  3O + C2N(X
2)  1CO + 2CN -614 7.0e-11 0.17 0 3 0 See text. 
111.  3O + C3N(X
2+)  1CO + 2C2N -361 7.0e-11 0.17 0 3 0 See text. 
112.  3O + C4N(X
2)  1CO + 2C3N -516 7.0e-11 0.17 0 3 0 See text. 
113.  3O + C5N(X
2+)  1CO + 2C4N -474 7.0e-11 0.17 0 3 0 See text. 
114.  3O + C6N(X
2)  1CO + 2C5N -438 7.0e-11 0.17 0 3 0 See text. 
115.  3O + C7N(X
2+)  1CO + 2C6N  7.0e-11 0.17 0 3 0 See text. 
116.  3O + C8N(X
2)  1CO + 2C7N  7.0e-11 0.17 0 3 0 See text. 
117.  3O + C9N(X
2+)  1CO + 2C8N  7.0e-11 0.17 0 3 0 See text. 
118.  3O + C10N(X
2)  1CO + 2C9N  7.0e-11 0.17 0 3 0 See text. 
         
119.  3C + OH(X2)  1CO + 2H  1.15e10 -0.34 -0.1 2 7  (Zanchet et al. 2009) 
120.  3O + OH(X2)  3O2 + 
2
H  2.0e-11 0 0 2 7 10K only, (Lique et al. 2009, Quéméner et al. 2009) 
121.  4N + OH(X2)  2NO + 2H  6.6e-11 0.26 0 1.4 7  (Daranlot et al. 2011) 
122.  4N + NO(X2)  1N2 + 
3
O  3.8e-11 -0.27 23 1.4 7  (Bergeat et al. 2009) 
         
         
 ionic changes:        
123.  
HCNH
+
 + CnH
-
  HCN + CnH + 
H 
  HNC + CnH + 
H 
-252 
-197 
3.8e-8 
3.8e-8 
-0.5 
-0.5 
0 
0 
2 
2 
0 
0 
 
124.  
HCNH
+
 + Cn
-
  HCN + Cn + H 
  HNC + Cn + H 
 3.8e-8 
3.8e-8 
-0.5 
-0.5 
0 
0 
2 
2 
0 
0 
 
 C2n+1O
+
 family:        
125.  
C3O + H3
+
   HC3O
+
 + H2 -458 1.0 3.42e-9 3.49 2 0 Thermochemistry from (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). Ionpol1. 
126.  C5O + H3
+
   HC5O
+
 + H2  1.0 2.40e-9 4.02 2 0 Ionpol1 
127.  C7O + H3
+
   HC7O
+
 + H2  1.0 2.40e-9 4.02 2 0 Ionpol1, same as C5O + H3
+
. 
128.  C9O + H3
+
   HC9O
+
 + H2  1.0 2.40e-9 4.02 2 0 Ionpol1, same as C5O + H3
+
. 
129.  
C3O + HCO
+
   HC3O
+
 + CO -286 1.0 1.33e-9 3.49 2 0 Thermochemistry from (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work).  Ionpol1 
130.  C5O + HCO
+
   HC5O
+
 + CO  1.0 1.68e-9 4.02 2 0 Ionpol1 
131.  C7O + HCO
+
   HC7O
+
 + CO  1.0 1.68e-9 4.02 2 0 Ionpol1, same as C5O + HCO
+
. 
132.  C9O + HCO
+
   HC9O
+
 + CO  1.0 1.68e-9 4.02 2 0 Ionpol1, same as C5O + HCO
+
. 
133.  
C3O + HCNH
+
   HC3O
+
 + HCN 
   HC3O
+
 + HNC 
-167 
-112 
0.5 
0.5 
1.34e-9 
1.34e-9 
3.49 
3.49 
2 
2 
0 
0 
Thermochemistry from (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work).  Ionpol1 
134.  
C5O + HCNH
+
   HC5O
+
 + HCN 
   HC5O
+
 + HNC 
 0.5 
0.5 
1.71e-9 
1.71e-9 
4.02 
4.02 
2 
2 
0 
0 
Ionpol1 
135.  
C7O + HCNH
+
   HC7O
+
 + HCN 
   HC7O
+
 + HNC 
 0.5 
0.5 
1.71e-9 
1.71e-9 
4.02 
4.02 
2 
2 
0 
0 
Ionpol1,  same as C5O + HCNH
+
. 
136.  
C9O + HCNH
+
   HC9O
+
 + HCN 
   HC9O
+
 + HNC 
 0.5 
0.5 
1.71e-9 
1.71e-9 
4.02 
4.02 
2 
2 
0 
0 
Ionpol1, same as C5O + HCNH
+
. 
137.  
HC3,5,7,9O
+
 + e
-
  H + C3,5,7,9O 
  C2,4,6,8H + CO 
 2.0e-7 
2.0e-7 
-0.5 
-0.5 
0 
0 
3 
3 
0 
0 
By comparison with similar reactions (Florescu-Mitchell 
& Mitchell 2006) 
 
 C2n+1N
+
 family:        
138.  
HCN + C
+
   H + CNC+  
  H + C2N
+
  
-100 
+6 
1.0 
0 
1.28e-9 
 
6.6 2 
 
0 
 
Ionpol1, (Clary et al. 1990, Clary et al. 1985, Anicich et 
al. 1986) 
139.  
HNC + C
+
   H + CNC+ 
  H + C2N
+
 
-155 
-49 
0.5 
0.5 
1.34e-9 
1.34e-9 
6.5 
6.5 
2 
2 
0 
0 
Ionpol1  
140.  
HC3N + C
+
   H + C4N
+ 
  C3H
+
 + CN
 
  HCN + C3
+
 
-120 
-130 
+60 
0.20 
0.80 
0 
1.82e-9 
1.82e-9 
 
5.44 
 
2 
2 
 
0 
0 
 
Ionpol1, (Anicich 2003). There are likely to be various 
C4N
+
 isomers (C3NC
+
). 
141.  
HC5N + C
+
   H + C6N
+ 
  C5H
+
 + CN
 
  HCN + C5
+
 
-120 
-130 
+60 
0.20 
0.80 
0 
2.26e-9 
2.26e-9 
5.10 2 
2 
0 
0 
Ionpol1, branching ratio from HC3N + C
+
 
142.  
HC7N + C
+
   H + C8N
+ 
  C7H
+
 + CN
 
  HCN + C7
+
 
-120 
-130 
+60 
0.20 
0.80 
0 
2.82e-9 
2.82e-9 
4.52 
 
2 
2 
0 
0 
Ionpol1, branching ratio from HC3N + C
+
 
143.  
HC9N + C
+
   H + C10N
+ 
  C9H
+
 + CN
 
  HCN + C9
+
 
-120 
-130 
+60 
0.20 
0.80 
0 
2.82e-9 
2.82e-9 
4.52 
 
2 
2 
0 
0 
Ionpol1, same as HC7N + C
+
. 
 C2 ,4,6,8,10N ionic reactions:        
144.  H2 + C2N
+
  HCNH+ + C -60 9.0e-10 0 0 1.6 0  (Knight et al. 1988) 
145.  H2 + CNC
+ 
   HCNH+ + C +46 0 0 0 0 0 Endothermic  (Knight et al. 1988) 
146.  
H2 + C4N
+ 
   HCN + C3H
+
  
   HNC + C3H
+
  
   HCNH+ + C3 
 -250 
 -200 
 -200 
3.0e-10 
3.0e-10 
3.0e-10 
0 
0 
0 
0 
0 
0 
2 
2 
2 
0 
0 
0 
Same as H2 + C2N
+
.  
147.  
H2 + C6N
+ 
   HCN + C5H
+
  
   HNC + C5H
+
  
   HCNH+ + C5 
 -250 
 -200 
 -200 
3.0e-10 
3.0e-10 
3.0e-10 
0 
0 
0 
0 
0 
0 
2 
2 
2 
0 
0 
0 
Same as H2 + C2N
+
. 
148.  
H2 + C8N
+ 
   HCN + C7H
+
  
   HNC + C7H
+
  
   HCNH+ + C7 
 -250 
 -200 
 -200 
3.0e-10 
3.0e-10 
3.0e-10 
0 
0 
0 
0 
0 
0 
2 
2 
2 
0 
0 
0 
Same as H2 + C2N
+
. 
149.  
H2 + C10N
+ 
    HCN + C9H
+
  
   HNC + C9H
+
  
   HCNH+ + C9 
 -250 
 -200 
 -200 
3.0e-10 
3.0e-10 
3.0e-10 
0 
0 
0 
0 
0 
0 
2 
2 
2 
0 
0 
0 
Same as H2 + C2N
+
. 
         
150.  
CCN + C
+
  CCN+ +  C 
  CNC+ + C 
  CN + C2
+
 
  CN+ + C2 
-49 
-155 
-81 
-7 
0.3 
0.4 
0.3 
0 
1.30e-9 
1.30e-9 
1.30e-9 
0.62 
0.62 
0.62 
2 
2 
2 
10 
10 
10 
 (Mebel & Kaiser 2002, Harland & McIntosh 1985). 
10-30K: Ionpol1, 40-300K: Ionpol2 
151.  
C4N + C
+
   C3 + CNC
+
  
  C3 + CCN
+ 
  C4N
+
 + C 
-199 
-93 
-138 
0.6 
0.1 
0.3 
2.05e-9 
2.05e-9 
2.05e-9 
0 
0 
0 
2 
2 
2 
10 
10 
10 
Ionpol2 
152.  
C6N + C
+
   C5 + CNC
+
  
  C5 + CCN
+ 
  C6N
+
 + C 
 0.6 
0.1 
0.3 
2.71e-9 
2.71e-9 
2.71e-9 
0.25 
0.25 
0.25 
2 
2 
2 
10 
10 
10 
Ionpol2 
153.  
C8N + C
+
   C7 + CNC
+
  
  C7 + CCN
+ 
  C8N
+
 + C 
 0.6 
0.1 
0.3 
3.35e-9 
3.35e-9 
3.35e-9 
0.43 
0.43 
0.43 
2 
2 
2 
10 
10 
10 
10-20K: Ionpol1  
30-300K: Ionpol2 
154.  
C10N + C
+
   C9 + CNC
+
  
  C9 + CCN
+ 
  C10N
+
 + C 
 0.6 
0.1 
0.3 
3.35e-9 
3.35e-9 
3.35e-9 
0.43 
0.43 
0.43 
2 
2 
2 
10 
10 
10 
10-20K: Ionpol1 
30-300K: Ionpol2 
         
155.  
C2N + H3
+
   HC2N 
+
 + H2 -270 1.0 2.90e-9 0.62 2 0 Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). 10-20K: Ionpol1, 30-300K: 
Ionpol2 
156.  
C4N + H3
+
   HC4N 
+
 + H2 -367 1.0 3.85e-9 0.10 2 0 Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work).   Ionpol2  
157.  C6N + H3
+
   HC6N 
+
 + H2  1.0 5.16e-9 0.25 2 0 Ionpol2 
158.  C8N + H3
+
   HC8N 
+
 + H2  1.0 7.31e-9 0.38 2 0 10K: Ionpol1, 20-300K: Ionpol2 
159.  C10N + H3
+
   HC10N 
+
 + H2  1.0 7.31e-9 0.38 3 0 10K: Ionpol1, 20-300K: Ionpol2 
160.  
C2N + HCO
+
   HC2N 
+
 + CO -98 1.0 1.19e-9 0.62 2 0 Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). 10-20K: Ionpol1, 30-300K: 
Ionpol2 
161.  
C4N + HCO
+
   HC4N 
+
 + CO -195 1.0 1.47e-9 0.10 2 0 Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). Ionpol2 
162.  C6N + HCO
+
  HC6N 
+
 + CO  1.0 1.89e-9 0.25 2 0 Ionpol2 
163.  C8N + HCO
+
   HC8N 
+
 + CO  1.0 2.61e-9 0.38 2 0 10K: Ionpol1, 20-300K: Ionpol2 
164.  C10N + HCO
+
   HC10N
+
 + CO  1.0 2.61e-9 0.38 2 0 Idem as C8N + HCO
+
. 10K: Ionpol1, 20-300K: Ionpol2 
165.  
C2N + HCNH
+
   HC2N
+
 + HCN 
  HC2N
+
 + HNC 
+30 
+89 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). 
166.  
C4N + HCNH
+
   HC4N 
+
 + HCN 
   HC4N 
+
 + HNC 
-76 
-21 
0.50 
0.50 
1.48e-9 
1.48e-9 
0.10 
0.10 
2 
2 
0 
0 
Thermochemistry from  (Hunter & Lias 1998) and 
calculations at the M06-2X/cc-pVTZ level using 
Gaussian09 (this work). Ionpol2 
167.  
C6N + HCNH
+
  HC6N 
+
 + HCN 
   HC6N 
+
 + HNC 
 0.50 
0.50 
1.91e-9 
1.91e-9 
0.25 
0.25 
2 
2 
0 
0 
Ionpol2 
168.  
C8N + HCNH
+
   HC8N 
+
 + HCN 
   HC8N 
+
 + HNC 
 0.50 
0.50 
2.64e-9 
2.64e-9 
0.38 
0.38 
2 
2 
0 
0 
10K: Ionpol1 
20-300K: Ionpol2 
169.  
C10N + HCNH
+
   HC10N 
+
 + HCN 
   HC10N 
+
 + HNC 
 0.50 
0.50 
2.64e-9 
2.64e-9 
0.38 
0.38 
2 
2 
0 
0 
Idem as C8N + HCNH
+
 
         
170.  H2 + HC2N
+
   H2C2N
+
 + H -88 1.0 1.51e-9 0 2 0 Thermochemistry from  (Scott et al. 1999, Holmes et al. 
 1993), Ionpol2 
171.  H2 + HC4N
+
   H2C4N
+
 + H  1.0 1.49e-9 0 2 0 Ionpol2 
172.  H2 + HC6N
+
   H2C6N
+
 + H  1.0 1.49e-9 0 2 0 Ionpol2 
173.  H2 + HC8N
+
   H2C8N
+
 + H  1.0 1.49e-9 0 2 0 Ionpol2 
174.  H2 + HC10N
+
  H2C10N
+
 + H  1.0 1.49e-9 0 2 0 Ionpol2 
175.  
H2 + H2C2,4,6,8,10N
+
  H3C2,4,6,8,10N
+
 
+ H 
 +200 0 0 0 0 0 Thermochemistry calculated at the M06-2X/cc-pVTZ 
level using Gaussian09 (this work). 
         
176.  
CNC
+
 + e
-
   C + CN  
  N + C2 
-468 
-309 
3.8e-7 
2.0e-8 
-0.6 
-0.6 
0 
0 
3 
3 
0 
0 
KIDA datasheet  
177.  
C2N
+
 + e
-
   C + CN  
  N + C2 
-574 
-415 
2.0e-8 
3.8e-7 
-0.6 
-0.6 
0 
0 
3 
3 
0 
0 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012) . 
178.  
C4,6,8,10N
+
 + e
-  CN + C3,5,7,9  
 
 4.0e-7 -0.6 
 
0 
 
3 
 
0 
 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012).  
179.  
HC2N
+
 + e
-
   CH + CN  
  H + C2N   
  C + HCN  
  C + HNC 
-505 
-629 
-684 
-629 
1e-7 
1e-7 
 
-0.5 
-0.5 
 
0 
0 
 
4 
4 
 
0 
0 
 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012).  
 
180.  
HC4,6,8,10N
+
 + e
-
   l-C3,5,6,9 H + CN  
  H + C4,6,8,10N   
  C3,5,6,9 + HCN 
 -400
-500 
-600 
1e-7 
1e-7 
-0.5 
-0.5 
0 
0 
4 
4 
0 
0 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012) . 
 
181.  
H2C2N
+
 + e
-
  CH + HCN 
  CH2 + CN 
  H + HCCN 
-526 
-438 
-568 
1e-7 
1e-7 
0 
-0.5 
-0.5 
0 
0 
0 
0 
4 
4 
0 
0 
0 
0 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012). 
HCCN not present in KIDA 
182.  
H2C4,6,8,10N
+
 + e
-
   CH + HC3,5,7,9N  
  C2H2 + C2,4,6N  
  l-C3,5,7,9H2 + CN 
 1e-7 
1e-7 
1e-7 
-0.5 
-0.5 
-0.5 
0 
0 
0 
4 
4 
4 
0 
0 
0 
By comparison with similar reactions (Mitchell et al. 
1986). Branching ratios from  (Plessis et al. 2012). 
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